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Introduction
Since nickel was first discovered in hydrogenase in 1981 [83] many reviews on various aspects of nickel hydrogenases have appeared [34, 64, 78, 94, 125, 150, 154, 213, 218, 219, 227] . It is therefore of little additional value to repeat this information here to great extent. Rather, after an introduction into the field of hydrogenases, I will focus on various aspects of nickel hydrogenases which I consider of importance to understand the mechanism of action of the enzyme and the architecture of the hydrogen-activating site.
History and occurrence
More than 100 years ago Hoppe-Seyler [99] noticed that bacteria in river mud might be responsible for quantitative decomposition of formate into H 2 and CO 2. After the isolation of pure cultures of HE-producing and H2-oxidizing bacteria [91, 109, 151] , one realized that H 2 might play an important role in the metabolism of bacteria. The enzyme responsible for hydrogen activation was termed 'hydrogenase' by Stephenson and Stickland in 1931 [185,186] in a study on the reduction of methylene blue by H 2 catalyzed by bacteria from river mud. At present hydrogenases have been detected in a great number of micro-organisms.
In order to acquire energy-rich reducing equivalents, many bacteria have the capacity to oxidize HE to two protons and two electrons. By definition, the standard oxidation-reduction potential of the equilibrium 2H÷+ 2e ~ H E is -413 mV at pH 7.0, 25°C and 1 bar of H 2. The reducing equivalents thus obtained enable bacteria to reduce a variety of substrates, notably CO 2, and to generate sufficient energy for ATP synthesis.
Bacteria living in an anaerobic environment, using the fermentation of organic substrates for the supply of energy-rich reducing equivalents, often dispose of their excess of electrons by way of the reduction of protons. The major source of reducing equivalents for H2 production is the metabolite pyruvate. It can be converted to acetyl-CoA plus formate, whereupon the latter is decomposed into H 2 and CO 2 by the formate-hydrogen-lyase reaction in which hydrogenase is involved. Pyruvate can also be oxidized by the enzyme pyruvate:ferredoxin oxidoreductase to acetyl-CoA and CO2. Reduced ferredoxin subsequently transfers its electrons to a hydrogenase.
In nature, H 2 is also produced in N2-fixing organisms. A sizeable amount of reducing equivalents used by the enzyme nitrogenase for the ATP-dependent reduction of N 2 to NH 3 is 'spoiled' by the enzyme in a reaction with protons: at least one molecule of H 2 is formed for every molecule of N 2 reduced. As this would mean a loss of energy for the organism, hydrogenase in such organisms recaptures the energy-rich reducing equivalents.
Ideas about the function of hydrogenases in nature have already been reviewed in the late seventies [2, 171] . In 1966 Ackrell et al. [1] first described the likely existence of multiple hydrogenase systems in bacteria. In 1986 Lissolo et al. [131] found three genetically different hydrogenases in Desulfovibrio vulgaris. This reinforced the idea [149] that molecular hydrogen plays a central role in the bioenergetics of sulphate-reducing bacteria [64] . By now multiple, genetically different, hydrogenases have been detected in many bacteria.
It has been known for more than two decades that hydrogenases contain non-heme Fe as an essential component. In 1971 it was first shown, that like in most other non-heme iron proteins, the Fe atoms were arranged in Fe-S clusters [92, 127, 147, 148] . In the 1970s, many more examples of hydrogenases with Fe-S clusters were found [172] . Consequently it was generally assumed that the active site in all hydrogenases was an Fe-S duster [2] .
Classes of hydrogenases
The field was stirred quite a bit by the rediscovery of an observation of Bartha and Ordal [20] that 'Knallgas' bacteria thriving on H2, 0 2 and CO/ required Ni for growth [193] . For Alcaligenes eutrophus it was shown that Ni was indispensable for the biosynthesis of active hydrogenase [77] . Around the same time it was recognized [202] that Ni was also involved in two other metabolic processes in bacteria: acetate synthesis from CO 2, as well as CH 4 production from CO 2. The enzymes involved are now known as acetyl-CoA synthase [121, 226] and methyl-coenzyme M reductase [58, 86, 1621 .
Purified hydrogenases from many bacteria contain stoichiometric amounts of Ni, as first established by Graf and Thauer in 1981 [83] for the enzyme from Methanobacterium thermoautotrophicum, strain Marburg. Since Ni is a transition metal of the 3d group, one might expect to detect EPR signals if the Ni ion would be either trivalent (3d 7) or monovalent (3d9).
Indeed the purified enzyme from M. thermoautotrophicum displayed a simple rhombic EPR signal which could be ascribed to nickel by the use of 6~Ni [7] , a stable isotope with a nuclear magnetic moment of 3/2 ( Fig. 1) . Moreover, the signal disappeared upon contact of the enzyme with H 2. This was the first demonstration of redox-active nickel in the enzyme.
A virtually identical EPR signal had earlier been described by Lancaster [123] in membranes from Methanobacterium bryantii. At the time, Lancaster [123, 124] held the opinion that the signal was due to factor F430. It is now beyond doubt, however, that it originated from membrane-bound hydrogenase. Nickel [7] .) in F430 of methyl-coenzyme M reductase displays quite different EPR spectra [13, 162] . In retrospect, the first clear EPR signal of Ni(III) in a purified hydrogenase was spotted by the author in 1981 on a poster display by Daniels et al. [51] on the 7th International Symposium on Flavins and Flavoproteins, Ann Arbor; for unknown reasons, though, no nickel could be detected in the preparation at that time. Also Doddema [54] had earlier reported the presence of nickel in purified hydrogenase from M. thermoautotrophicum, but considered it to be an artefact.
Although the majority of the hydrogenases known today contains nickel, this certainly does not hold for all. From several bacteria hydrogenases have been purified in which no other metal than Fe could be detected (Acetobacter woodii [156] , Acetomicrobium flavidum [169] , Clostridium pasteurianum [3, 41] , Desulfovibrio desulfuricans ATCC 7757 [93] , possibly Desulfovibrio salexigens [64] , D. vulgaris [103, 205] , Megasphaera elsdenii [74] , Thermatoga maritima [108] and Trichomonas vaginalis [152] ). Hence these enzymes clearly belong to a separate class. Recently genes presumably encoding Fe-hydrogenases in Desulfovibrio fructosovorans (Malki, S., Saimmaime, I., Rousset, M., Dermoun, Z. and Belaich, J.P., personal communication) and Clostridium acetobutylicum (Gorwa, M.F., Croux, C. and Soucaille, P., personal communication) have been cloned and sequenced.
In M. thermoautotrophicum a hydrogenase has been found that does not contain transition metals at all [231] . It is supposed to function in the reduction of methylenetetrahydromethanopterin by hydrogen.
Using the available evidence in literature that metal ions (Ni and/or Fe) are involved in all hydrogenases but one, two main classes can be recognized at present:
A. Enzymes in which no other metal than Fe could be detected. These enzymes are here called Fe-hydrogenases (in literature also often referred to as 'Fe-only' hydrogenases). They contain several Fe-S clusters and a novel cluster proposed to host 6 Fe atoms [87, 88] (for review see [6] ). The nucleotide sequences of the genes encoding the Fe-hydrogenases from D. vulgaris [215] and C. pasteurianum (hydrogenase-I) [142] , as well as from a gene called HydC in D. vulgaris supposed to encode a possible second Fe-hydrogenase [187] , are now known. The Cys residues in these three sequences have been lined up by Meyer and Gagnon [142] . Fig. 2 shows a modified and extended version of this comparison. There are two blocks of 4 Cys (classical CxxCxxCxxxC motifs) present in all. Meyer and Gagnon [142] therefore suggested the presence of two classical cubane clusters. This is in line with earlier conclusions by Wang et al. [220] and Hagen and coworkers [88, 216] based on physico-chemical measurements. The clusters were called the F-clusters or Ferredoxin clusters to distinguish them from the hydrogen-activating cluster or H-cluster, which has quite different physico-chemical properties. The five conserved Cys residues in the C-terminal part of the sequences are supposed to host the H-cluster. Possibly also one or more of the four conserved Met residues in this region are involved [1421.
The remaining two [4Fe-4S] clusters in the C. pasteurianum hydrogenase-I [5] were assumed to be located in the N-terminal region of this enzyme [142] , although the Cys-residue pattern is not like that for typical cubane clusters. Adams and coworkers [80] have recently re-examined the Fe-S clusters in the Fe-hydrogenases from C. pasteurianum (hydrogenase-I), T. maritima and D. vulgar& with Resonance-Raman spectroscopy. It was concluded that the C. pasteurianum and T. maritima enzymes, but not the D. vulgar& enzyme, contained quite likely a [2Fe-2S] cluster. In the C. pasteurianum enzyme this cluster possibly has rather unusual properties (e.g. its EPR spectrum cannot be observed at 60 K). Hence, one of the clusters located in the N-terminal region of the C. pasteurianum hydrogenase-I is now supposed to be a [2Fe-2S] cluster.
Van Dongen, as referred to in [142] (see also [188] ), noted already that the N-terminal region of the HydC gene of D. vulgar& was homologous to the N-terminal region of the y subunit (diaphorase part) of the soluble Ni-hydrogenase of A. eutrophus [203] , and to the Nterminus of the 75 kDa subunit of mitochondrial NADH: Q oxidoreductase [163] . Homology between the latter two was also reported by Walker and coworkers [153] . When one combines all this information, then an interesting picture emerges (Fig. 2) . It so appears that the N-terminal part of C. pasteurianum hydrogenase-I, containing the Cys patterns supposed to accommodate an atypical [2Fe-2S] cluster, an atypical [4Fe-4S] cluster and a classical cubane cluster, presumably has been used by nature during the evolution to form the diaphorase part of the A. eutrophus H2: NAD ÷ oxidoreductase and the 75 kDa subunit of mitochondrial NADH : Q oxidoreductase.
B. Enzymes containing Fe-S clusters and a Ni ion, here termed Ni-hydrogenases. Iron-sulphur clusters of the [4Fe-4S] 2+(2+:1 +) type and the [3Fe-4S] ] +o +:0) type can be found here. Nickel hydrogenases are considerably less active (0.1-0.8 mmol Hz/min/mg in hydrogen-uptake or production assays with artificial electron acceptors or donors) than iron hydrogenases (5-10 mmol Hz/min/mg evolution; 10-50 mmol H2/min / mg uptake), but have a K m for H 2 (usually a few/xM) two orders of magnitude lower than that of Fe-hydrogenases. Some Ni-hydrogenases contain Se and can be as active as Fe-hydrogenases [183].
Potential importance of hydrogenase for the storage of solar energy
Photoproduction of H 2 has already been reported in 1942 with algae [81] . After the oil crisis of 1973, hydrogenases enjoyed a much increased attention due to potentially applicable aspects of the enzyme. The first international conference on hydrogenases and hydrogen metabolism was held shortly afterwards [172] . One of the underlying ideas was that hydrogenase, in combination with the capacity of Photosystem II of chloroplasts or cyanobacteria to oxidize water to 0 2 and low-potential reducing equivalents, might be employed to construct a reactor for the biophotolysis of water to H E and 0 2 , driven by solar energy (Fig. 3) . The products thus formed can be used to regain the stored energy by just burning the H E to H20 again, thereby closing the cyclic nature of this attractive sequence of reactions to store and use the abundant solar energy available on the earth's surface (world average: 350 W/mE).
Experiments demonstrating the feasibility of such an approach were published in the mid-and late 1970s and have been extensively reviewed by Weaver et al. in 1980 [222] . Limited stability of the biological components involved, as well as the intrinsic low-energy yield of chloroplasts made such protein-based systems of no practical use. Yet these experiments have stimulated the interest of many research groups in unraveling the structure and the mechanism of action of the active sites involved in the water-oxidizing complex in Photosystem II, as well as the H2-activating site in hydrogenases. Mimicking the active sites of these systems in cheap and stable catalysts would certainly boost the commercial and political interest in the use of solar energy, also in view of the growing concern about the global CO 2 production through the use of fossil fuels. 
Nickel hydrogenases
H2 pert2 -- AH2 + A +2H 2H
Hydrogenase is an oxidoreductase
Hydrogenase is a redox enzyme. As pointed out by Krasna [117] , the H 2 molecule is split heterolytically (H 2 ~ H++ H-). At the H2-site, therefore, the enzyme is most likely involved in the transfer of two reducing equivalents at a time. Further transfer of electrons in nickel hydrogenases presumably proceeds in packages of one electron only. Consequently, a functional analogy with iron-sulphur-containing flavoproteins, like the mitochondrial NADH : Q oxidoreductase, comes to the mind of this author. In the latter enzyme an n = 2 redox group (FMN) is present together with several n ---1 redox groups (the Fe-S clusters) [22] . The substrate NADH is in redox equilibrium with the enzyme whereby two electrons are involved. In fact, like hydrogenases, NADH : Q oxidoreductase splits its substrate NADH 'heterolytically' (NADH ~ NAD ÷ + H-), whereafter it oxidizes the hydride. One therefore might depict hydrogenases as composed of three parts (Fig. 4 ). Part 1 contains the H z-activating site. Here the H2/H ÷ chemistry is taking place. It is reasonable to assume that this part must be able to accommodate two electrons at a time. Part 2 is the electron-transfer part which guides electrons to part 3. In view of the iron and sulphide content of nickel hydrogenases, this part is expected to contain Fe-S clusters. Part 3 takes care of reduction of the electron acceptor of the enzyme. In many hydrogenases parts 1 and 2 are directly linked to enzymes or polypeptide complexes (part 3) containing additional prosthetic groups like Fe-S clusters, flavin, molybdenum or cy- tochromes. This can lead to a direct electro-chemical connection of H 2 with NAD +, F420, quinones or a heterodisulphide. Part 3 thus is the electro-chemical interface of hydrogenase with the metabolism of the micro-organism and determines the specificity and role of the hydrogenase involved. The interface between part 2 and part 3 can be considered as a purely electronic interface. During purification of hydrogenases, part 3 is sometimes easily lost. From a biochemical point of view hydrogenases are called hydrogen: acceptor oxidoreductases. The aim of this review is a better understanding of the H 2-activating site; therefore all proteins capable of activating hydrogen in a nickel-dependent way will be considered as Ni-hydrogenases, irrespective of their intactness. Given the great variability of part 3 in nickel hydrogenases, one can imagine that the Fe-S clusters involved in the electronic interface in part 2B might vary among the several enzymes. On the other hand, a conservative architecture is expected for the H2-activating site in part 1 and the contact of part 2 (2A) with part 1.
The subunits and their amino-acid sequences
The large progress on the genetic level in the last few years makes it possible to formulate certain boundaries for the minimal functional unit involved in the hydrogen-activating site. All presently-known nickel hydrogenases contain at least two subunits with approximate molecular masses of 46-72 kDa (large subunit) and 23-38 kDa (small subunit). The amino-acid sequences derived from the structural genes encoding the two subunits are now known for some 24 different enzymes. Sequence comparisons of most of them have been reviewed recently [154, 218, 227] . As I will make use of the conservative amino acids in trying to localize the basic parts required for the active site, this information, including the latest sequences, is briefly discussed below.
The "large' or nickel-binding subunit
The large subunit contains five short stretches of sequence with conservative amino acids. Starting from the N-terminus, the first conservative motif (here called motif 1L) is an R-G-x-E sequence present within the first 62 amino acids of all sequences, but one: in the hydrogenase functional in the formate-hydrogen-lyase system of Escherichia coli, further called E. coli hydrogenase-3, this motif is shifted by some 140 residues. The second motif (2L) is R-x-C-G-x-C-x-x-x-H. It is remarkable that the spacing between both motifs is exactly the same in all known sequences but one. There are 16 amino acids between the E residue in motif 1L and the R residue in motif 2L, except for the sequence of the E. coli hydrogenase-3, where this spacing is 17 residues. This is why Voordouw [218] considered both motifs as one conservative 'element'. The presence of six residues with potential metal-binding capacity (2 Arg, 1 Glu, 2 Cys and 1 His) at fixed positions in the N-terminus is highly intriguing. These conservative residues might constitute (part of) a metal-coordination site.
A little further on in the sequence there is a histidine-rich region in many enzymes. In 10 out of 22 known sequences of this part, a stretch H-x-H-x-x-H-xx-H-_L-H-x-L is present. This region was already noticed in the earliest determined sequences [157, 158] and was initially considered as a possible candidate for nickel binding. The underlined H and L residues are present in all known sequences, except in E. coli hydrogenase-3, where the Leu is an Ala residue. The nx6L motif is called here motif 3L. The conservative H in motif 3L is between 12 and 42 residues apart from the last H in motif 2L. The His-rich region found in a number of hydrogenases is a potential candidate for metal binding. As will be discussed later, copper, which is present in some hydrogenases, is considered as a potential candidate for binding at this site.
More to the C-terminal site there is a fourth motif (4L): G-x-x-x-x-P-R-G-x-x-x-H. The distance between the first G in this motif and the conservative L in motif 3L is greatly variable and ranges from 188 to 406 amino-acid residues.
At the very end a fifth motif (5L) with two cysteines is present: D-P-C-x-x-C-x-x-H. The codon for cysteine is usually a TGC triplet, but in the Se-containing nickel hydrogenases from Desulfovibrio baculatus [217] and Methanococcus voltae [90] the codon for the first cysteine in this motif is replaced by a TGA triplet, usually a stop-codon, but here coding for selenocysteine as in formate dehydrogenase from E. coli [26, 230] and glutathione peroxidase from mouse ceils [38] . There is now conclusive evidence from EPR measurements on 77Se-enriched (I = 1/2) hydrogenases from D. baculatus [96] and M. voltae [184] , as well as from EXAFS measurements on the D. baculatus enzyme [57] that Se is a ligand to nickel in these hydrogenases. Consequently it can be concluded that the first cysteine in motif 5L is a ligand to nickel. This then also suggests a role for the aspartic acid residue, the second cysteine residue and the histidine residue in this motif in the coordination of nickel. In the methyl-viologen reducing Se-enzyme from M. voltae, the carboxy-terminal region is encoded by a separate gene [90] . The corresponding mature peptide is only 25 amino acids long and contains motif 5L [183] .
In all predicted sequences but one (E. coli hydrogenase-3) motif 5L ends with a H residue and in more than half of the predicted sequences a V residue is next. It has been demonstrated that in the mature enzyme from Azotobacter vinelandii the nickel-binding subunit is 1663 Da smaller than indicated by the amino-acid sequence deduced from the encoding DNA [82] . As the N-terminus of the mature protein was identical to the DNA-predicted sequence, it was proposed that C-terminal processing, whereby the His-Val bond in the large subunit of this hydrogenases is hydrolysed by a specific protease, may be an essential step in the formation of active enzyme. Indications for possible processing of the large subunit had earlier been noticed for the enzyme from D. baculatus [139] and for hydrogenases 1 and 2 from E. coli [134] . Evidence for C-terminal processing has now also been obtained for several other Ni-hydrogenases [79, 113, 141, 183] . For the hydrogenase-3 from E. coli the processing has been demonstrated in vitro [167] . Experiments with the isolated precursor form of the large subunit of this enzyme and the product of the hycH gene indicate that only the latter protein is required for C-terminal processing [166] .
Interestingly, a part of the motifs 1L and 2L, namely the RGxEx16R pattern, as well as motif 3L and parts of the motifs 4L and 5L can also be recognized [14] in the 49 kDa subunit [65] of mitochondrial NADH:Q oxidoreductase, suggesting an evolutionary relationship.
All nickel hydrogenases studied so far seem to contain at least one Fe-S cluster. As nature usually anchors Fe-S clusters in proteins via coordination to four cysteines (for a recent overview see [138] ), this suggests that the large subunit can probably be discounted to bind such a cluster on its own. The two terminal cysteines in motif 5L are quite likely already occupied by binding to nickel. To ascribe the remaining two cysteines as ligands for an Fe-S cluster is rather unlikely. It is not impossible, though, as some [2Fe-2S] clusters are proposed to have up to two non-sulphur ligands [67, 85, 201] .
Hornhardt et al. [100] have described the purification of the nickel-binding subunit of the soluble NAD +-reducing hydrogenase from a mutant (HF14) of A. eutrophus. The preparations contained 0.2-1.4 gram atoms of Ni and 2-3 gram atoms of Fe per 57 kDa molecular mass and showed a maximal hydrogen uptake activity with K3Fe(CN) 6 of 78 nmol/min/mg. Although it was concluded from EPR spectra that one [4Fe-4S] cluster would be present, the quality of the spectra rather suggest the concentration of the paramagnetic species to be two orders of magnitude lower than the concentration of the peptide. Ni was not detected in these spectra. More recently [101] the same nickel-binding subunit was also purified from another A. eutrophus mutant (HF89); again a low H2-K3Fe-(CN) 6 reductase activity could be measured (174 nmol/min/mg). A better physico-chemical characterization of this purified nickel-binding subunit might produce some interesting new results. Sauter [167] has also reported the presence of 0.8-1.8 mol Ni per large subunit of hydrogenase-3 of E. coli, when overexpressing the hycE gene. Regretably, no further details (Fe content, activity) were reported.
The 'small' or Fe-S subunit
In the small subunits of all Ni-hydrogenases three motifs (motifs 1S-3S) are conserved which make up a pattern CxxCxnGxCxxxGxmGCPP, where n is 61 to 106 and m is 24 to 61 (Fig. 5) . Surprisingly this pattern is also found [14] in the PSST subunit of mitochondrial NADH:O oxidoreductase [15, 66] , except for the first Cys which is a Leu there. In 17 Ni-hydrogenases 6 additional conservative Cys residues are found in three more motifs (motifs 4S-6S; see Fig. 5 ). Together these motifs make a pattern Cx'x"XnfXsfxGPxsfxmfxxC , where n is very often 25 and m is 10 to 18. In eight sequences x' is a Tyr residue, in seven sequences this is a Pro and in two sequences there is a Glu at this position. In 16 sequences x" is an Arg residue. These 17 enzymes are termed here 'standard' nickel hydrogenases (Fig. 6) .
In three enzymes, namely the FaE0-reducing enzymes from M. voltae (both the normal and the Se-containing one) and from M. thermoautotrophicum, these six conservative Cys residues are not present; instead two CxxCxxCxxxC patterns typical for two classical cubane clusters are found. In two enzymes, namely the soluble NAD +-reducing hydrogenase of A. eutrophus and hydrogenase-3 of E. coli, none of these additional Cys are present, simply due to the fact that the polypeptide stops shortly after the motifs 1S-3S (Figs. 5 and 6 ). Also the small subunit is synthesized as a precursor form. The N-terminal region (32-50 residues) of this precursor is removed upon maturation [113, 126, 133, 140] .
It seems reasonable to conclude from this information that the minimal unit required for the activation and oxidation of hydrogen involves at most only the large subunit and the motifs 1S-3S from the small subunit.
The Fe-S clusters
Presently the Desulfovibrio gigas hydrogenase is one of the best characterized enzymes in terms of its con- 
[Q-X-X-X-X-P4~43-x-x-x-HJ -x n-LI~P~'-X-X~-x-x-HJ small subun~ 18 
3S
I~,'x.~.QI "~lm" I ~x~x-x.x.Q I "~4.GY I~'P'P I
48

5S 6S
IC The magnetic hyperfine coupling constants for the reduced 4Fe clusters are noticeably smaller than those of 'normal' cubane clusters, which exhibit a g = 1.94 type of EPR spectrum and a CxxCxxCxnC amino-acidsequence pattern. Also the EPR spectra of the reduced D. gigas enzyme [33, 199] do not show the typical g = 1.94 type of signals, but are unusually broad. The amino-acid sequence [217] shows that this enzyme belongs to the standard hydrogenases (Fig. 6) .
OR ABSENT
At this point I tentatively assign the 3Fe cluster to be coordinated by Cys residues in motifs 1S-3S in the small subunit, and the atypical 4Fe cluster by Cys residues in the motifs 4S-6S. Hence I assume that in all standard Ni-hydrogenases only six invariant Cys are available for these two cubane clusters. It cannot be ruled out, though, that other Cys residues in the individual polypeptides, when present, might be involved, but these then are at variable positions among the different hydrogenases.
Also the Chromatium vinosum has been characterized with M6ssbauer spectroscopy [192] . Its Fe-S cluster composition in the reduced state appears to be identical to that of the D. gigas enzyme. The EPR spectra were already known to be very similar. The C.
vinosum enzyme has, however, an extra oxidation state which shows most unusual spectra (see below). The amino-acid sequence of this enzyme has not been determined.
The soluble enzymes from D. baculatus and D. desulfuricans (Norway) (both bacteria are now considered to be nearly identical [64, 200] ; the Norway strain has been renamed as Desulfomicrobium baculatum), have also been characterized in great detail. The amino-acid sequence shows all characteristics of a standard hydrogenase, except for a selenocysteine which substitutes the first cysteine in motif 5L of the large subunit. Hence one might expect the presence of a 3Fe cluster and two atypical 4Fe clusters. In the oxidized state, however, no EPR signals were present, nor could the M6ssbauer spectrum of a [3Fe-4S] ÷ cluster be detected [23, 96, 200] . No M6ssbauer spectrum of an S = 2 [3Fe-4S] ° cluster could be observed either; likewise there was also no evidence for an S = 2 system in this enzyme from multifield saturation magnetization measurements [221] . In the Hz-reduced state only M6ssbauer spectra from cubane clusters were recognized. In view of the standard conservative patterns in the amino-acid sequence, this finding is highly surprising. All 'standard' nickel hydrogenases with two subunits may be expected to contain at least 11 [200] .
Also no 3Fe clusters could be detected in the F420-non-reducing hydrogenases from M. thermoautotrophicum strain Marburg (EPR) ( [7] ; Albracht, S.P.J. and Hedderich, R., unpublished observations) and strain AH (EPR, MCD) [107] , and in the Fa20-reducing enzyme from the latter bacterium (EPR) [106] . The sequence of the F420-non-reducing enzyme belongs to the standard type of nickel hydrogenases. One possibility is that the 3Fe cluster in these enzymes is modified such that it behaves like a [4Fe-4S] e ÷(2 +:1+) cluster under all conditions. Sayavedra-Soto and Arp [168] have reported that replacement of the first Cys residue in motif 1S of the small subunit of A. vinelandii hydrogenase by a Ser residue resulted in a decreased hydrogenase activity in cell colonies of the mutants. Replacement of the second Cys residue resulted in much less activity loss. When at the same time the neighbouring (non-conservative) Cys residue was also transformed into a Ser residue, then no activity could be detected. Likewise, no activity could be detected when the individual Cys residues in motif 6L were replaced by Ser. The authors suggested that these residues are essential for the formation of active enzyme. These studies contradict an earlier observation by the same group [191] , that degradation of the small subunit did not affect activity of the hydrogenase of A. vinelandii. The conclusions are also at variance with the fact the hydrogenases from E. coli (hydrogenase-3) and A. eutrophus (the soluble enzyme) do not have any cubane clusters in the small subunit. A physico-chemical characterization of the purified mutant enzyme is obviously required.
4. Hydrogenases linked to other enzymes
As briefly mentioned above, it becomes more and more evident that nickel hydrogenases, i.e. the basic structural unit required for the activation and oxidation of hydrogen, are often tightly attached to redox proteins having widely different functions. One example is the F420-reducing hydrogenase from M. thermoautotrophicum [76, 106, 132] , where hydrogenase is associated with a flavo-iron-sulphur enzyme able to reduced 8-hydroxy-5-deazaflavin (factor F420). A second example is the soluble NAD+-reducing hydrogenase from A. eutrophus and Nocardia opaca [174, 177, 229] . These enzymes are in fact H2:NAD + oxidoreductases composed of two enzyme units: a nickel hydrogenase and an NADH dehydrogenase. A third example is the formate-hydrogen-lyase system in E. coli, which has a built-in nickel hydrogenase (E. coli hydrogenase-3), a formate dehydrogenase, hydrophobic subunits for membrane anchoring, as well as subunits analogous to those of the mitochondrial NADH:Q oxidoreductase [27, 167] . A fourth example includes Nihydrogenases that are linked to a cytochrome b, as discovered by Dross et al. [55] in Wolinella succinogenes. These enzymes are proposed to react with quinones [55] . A fifth example is the F420-non-reducing hydrogenase from Methanosarcina barkeri, which is tightly attached to polypeptides forming a heterodisulphide reductase in this bacterium [97] . All this information illustrates that the Fe-S clusters involved in the electronic interface between part 2 and part 3 (Fig. 4) , as well as the electro-chemical interface (part 3 of Fig.  4 ), can indeed be of variable composition.
Location of the hydrogen-activating site
The information provided above leads to a picture of nickel hydrogenases where the Hz-activating site involves nickel and is probably highly conserved and located in the large subunit. This picture is also intuitively based on the fact that EPR spectra and other properties of the nickel site in active hydrogenases are amazingly similar. It is reasonable, however, to assume that details around the H2-activating site might determine properties like the K m for hydrogen, apparent oxidation-reduction potential, accessibility for hydrogen, oxygen, CO, artificial electron acceptors, etc. All nickel hydrogenases also have motifs 1S-3S in the small subunit in common, so this part might be essential as well. The remaining Cys-residues motifs in the small subunit are less uniform of architecture (accommodating either two atypical 4Fe clusters in motifs 4S-6S or two classical cubane clusters), or are not present at all. Hence, they cannot be essential for hydrogen activation.
Inspection of nickel hydrogenases in several states
Oxidized aerobic enzyme
Purified nickel hydrogenases all seem to contain about 1 Ni atom per molecule. Hydrogenase from N. opaca contains more nickel. In fact this enzyme is a complex of two activities, where the extra nickel ions are involved in the association of hydrogenase to an NADH dehydrogenase activity [177, 229] . Many oxidized nickel hydrogenases, though not all, show a simple S = 1/2 EPR signal of Ni(III) (Fig. 1) . One of the reasons that this EPR signal has been overlooked for quite some time is due to its rhombicity and the fact that it often goes hand in hand with an equally intense (same double integral) rather isotropic signal of a [3Fe-4S] ÷ cluster with a very large amplitude. This sharp signal dominates the spectrum at T < 20 K and at the same scale the nickel signal is hardly detectable. The fact that two forms of Ni(III) with different EPR spectra are often present in many preparations further delayed recognition. A typical example is the spectrum of hydrogenase from C. vinosum published in 1980 by Strekas et al. [189] (Fig. 8 , left-hand panel), where the nickel signals can be recognized if one looks along the base line. Yet another reason for escaping the attention of workers in the field has been that in a number of enzymes a spin coupling between the two forms of Ni(III) and a modified form of the 3Fe cluster leads to most complicated spectra [9, 10] which can no longer be detected at T> 40 K (Fig. 8 , right-hand panel). In some hydrogenases the Ni ions appear to be only partially (e.g. the D. gigas enzyme), or not at all (e.g. the NAD+-reducing enzymes from A. eutrophus and N. opaca, and the enzyme from D. baculatum, formerly D. desulfuricans, strain Norway) EPR detectable in oxidized enzyme.
In aerobic solutions of most nickel hydrogenases the EPR signature, when present, of the nickel ion is very similar: a rhombic signal with g values between g = 2 and g = 2.3. There is agreement in the field (see, however, Bagyinka et al. [18] ) that this is due to low-spin Ni(III), a 3d 7 system, in an apparently rhombically-distorted octahedral ligand field, as first proposed by Lancaster in 1980 [124] (see [165] for a theoretical treatment). Similar spectra are observed in several well characterized Ni(III) model compounds [49, 89, 135, 146, 190] , some of which (e.g. [84] ) are stable in air.
The majority of nickel hydrogenases are stable towards oxygen, although the presence of this gas completely prevents the activity of nearly all enzymes. Carbon monoxide is an inhibitor competitive towards hydrogen. In 'Knallgas' bacteria, which can thrive on a mixture of H 2, 0 2 and CO 2, hydrogenase is apparently not hindered in its functioning by the presence of 0 2 . The soluble enzyme from the Knallgas bacterium A. eutrophus H-16, which contains FMN in addition to Fe and nickel, catalyzes the reduction of NAD + by H 2. This reaction is not affected by CO or 0 2 [174] . The oxidized enzyme cannot react with Hz, however, unless a catalytic amount of NADH is added. It was found [175] that in the presence of NADH and 0 2 the enzyme rapidly denatured in an irreversible way due to the production of superoxide radicals. Even in intact cells inactivation of the soluble enzyme was observed under autotrophic growth conditions [173] . It is likely that in this enzyme the flavin can directly react with oxygen. The membrane-bound enzyme from A. eutrophus, which contains no flavin, can be 50% inhibited by 0.8 bar CO [170] .
EPR signals of Ni(III) related to ready and unready enzyme
In a number of oxidized enzymes two distinct EPR signals of Ni(III) are observed, often within the same preparation (D. gigas [29] , C. vinosum [9] ; Thiocapsa roseopersicina [232] and the membrane-bound enzyme from D. baculatus [71, 198] ). The major difference in the EPR signals is the position of the gy line of the rhombic signal: it can be either at g=2.24 or at g = 2.16 ( showing a Ni(III) signal with a gy value of 2.16 were activated by hydrogen within a few minutes. Enzyme molecules with Ni(III) in a state, where the EPR signal showed a gy line at 2.24, could be fully activated only after incubation under hydrogen for several hours. Therefore Fernandez et al. [70, 71] termed enzyme in this state as 'unready' to react with H 2, whereas enzyme with Ni(III) in a coordination resulting in a gy = 2.16 in the EPR spectrum was called 'ready'. The EPR signal of Ni(III) in unready enzyme has also been observed at room temperature [30] , demonstrating that there is no change in coordination of the nickel upon freezing.
When dissolved in anaerobic buffer containing high-potential electron acceptors and subsequently incubated under H2, the ready enzyme from D. gigas could not be converted to an active enzyme [70] . With low-potential electron acceptors activity was observed within a minute. Such properties have now been found in many nickel hydrogenases: incubation of the ready enzyme in an H 2-containing anaerobic buffer with benzyl viologen leads to H 2-uptake activity within a short time (seconds to minutes), depending on the temperature. Unready enzyme needs incubation under H 2 for a long time (hours), often at elevated temperatures (30-50°C), before activity can be demonstrated in this way. Reduction with excess dithionite in the presence of methyl viologen usually leads to full activity of both forms within seconds, provided that the temperature is sufficiently high. As oxidized nickel hydrogenases are often a mixture of ready and unready enzyme, it is essential to completely activate preparations by reduction, before activity is determined.
In this review, nickel in 'ready' and 'unready' enzyme will be termed Ni r and Ni u, respectively. Nickel in active enzyme is called Ni a.
An unknown redox component X: a special Fe ion?
Some [34] and the membranebound hydrogenase from A. eutrophus [28, 114, 176] . Van Heerikhuizen et al. [211, 212] demonstrated that reduction of the C. vinosum enzyme in this state by ascorbate, in the presence of the redox mediator phenazine methosulphate, resulted in the disappearance of the interaction signal in the g = 2 region and a simultaneous increase of the signal of the 3Fe cluster (at that time regarded as a [4Fe-4S] 3÷ cluster). The reverse was observed upon contact with excess of oxidized cytochrome c [212] . To explain these observations an oxidation/reduction of an -S-S-bridge, mediating an exchange interaction between the Fe-S cluster and an unknown paramagnet, was originally suggested. This would require the coupling/uncoupling to be an n = 2 redox process.
Some time later, inspired by the discovery of 3Fe clusters [59, 111] , Albracht et al. [8] considered the possibility that the redox-induced changes might involve a 3Fe/4Fe cluster conversion. Subsequently it was recognized [9, 10] vinosum strain DSM 185 {E~(pH 8.0) = + 150 mV [48] . Studies on T. roseopersicina hydrogenase with pulsed EPR (ESEEM) and LEFE (Linear Electric Field Effect) [37] did not provide any evidence for a conversion of the 3Fe cluster in the uncoupled state into a 4Fe cluster in the coupled state. To explain the coupling between Ni(III) and the 3Fe cluster, a special proteinbound Fe(III) ion, not incorporated in an Fe-S cluster, but situated between nickel and the [3Fe-4S] + cluster was proposed to mediate the magnetic interaction between the centres in this enzyme [36] . I will depict this redox equilibrium at this stage as: (ii) The double-integrated intensity of the signals in the g = 2 region (Fe-S) increased upon coupling (27%; partial coupling) [11] . If the equilibrium is indeed an n = 1 redox reaction, then one might expect a two-fold increase in the intensity upon complete coupling. There was no change in the g values of the nickel. Spin coupling was observed for both ready and unready Ni(III) [10, 48] .
Recently, evidence has been provided indicating that nickel in the ready C. vinosum enzyme, but not in the unready enzyme, can rather tightly bind CO upon reduction to the divalent state [17, 42] . Once reduced under 1 bar of CO, the apparent potential of nickel is shifted upwards to such an extent that excess of DCIP (E~ = + 230 mV) was not able to oxidize the nickel to the trivalent state. This enabled the preparation of an enzyme where all redox groups were maximally oxidized, except for nickel, which was restrained in the divalent Ni(II).CO state. So when H2-reduced, active enzyme was extensively treated with CO (whereby the H 2 was completely removed) and subsequently oxidized with excess DCIP, an EPR signal displayed in Fig. 9 (traces A and B) was obtained [42, 192] . This result is strongly reminiscent of that obtained with enzyme treated in the same way in the absence of CO (Fig. 9, trace C) . Apparently the the presence of S = 1/2 Ni(III) in trace C induces an extra two-fold splitting of all lines in Fig. 9 trace B. Disregarding the low-field line at 2.02, which is due to uncoupled [3Fe-4S] ÷ cluster, traces A and B, thus represents a simplified form of trace C: the interaction with S = 1/2 nickel has been removed by keeping the nickel in the diamagnetic Ni(II).CO state. Accurate comparison of X-and Q-band EPR spectra (Fig. 9, panel II) revealed that the high-field lines in traces A and B are slightly frequency dependent and hence do not represent true g values. A clear representation of the large electronic differences between the coupled and the uncoupled 3Fe cluster is given in Fig. 10 [192] . These experiments show that the unusual EPR signal (Fig. 10, trace C) does not involve nickel, but is due to a {X °x= [3Fe-4S] +} centre. The slight frequency dependence of the lines of the {X °x = [3Fe-4S] ÷} signal (Fig. 9 , traces A and B), as well as its line shape (Fig. 10 , trace C) argue against a simple S = 1/2 system. At 9 GHz the EPR lines do follow Curie behaviour, however, between 8 K and 20 K [10] , like that of a non-interacting S = 1/2 system. Its M6ssbauer features do not follow Curie behaviour between 1.5 K and 4.2 K [192] . This points to low-lying excited states and argues against a simple S = 1/2 system. Clearly, the {X °x= [3Fe-4S] ÷} centre is quite a mysterious system. When the 3Fe cluster is part of the {X ox = [3Fe-4S] +} centre, then the Ni(III) centre can weakly couple, indicating that the effective distance between the two centres is within 'coupling range' (not more than about 1 nm). In the uncoupled state, however, the Ni(III) does not notice the spin of the [3Fe-4S] cluster, or the change of its spin state upon reduction: the power saturation curve of Ni(III) remains the same [29] . A recent and more detailed study confirmed this point [16] . The spin-lattice relaxation rate of Ni(III) in hydrogenase of D. vulgaris Miyazaki and D. gigas did not change upon reduction of the 3Fe cluster from the S = 1/2 state to the S = 2 state. The authors concluded that the nickel and the 3Fe cluster would be at least 1 nm apart in these enzymes.
Extensive M6ssbauer studies [192] of the C. vinosum enzyme in the Ni(III)={X°X=[3Fe-4S] ÷} and the Ni(II).CO {X °x =[3Fe-4S] ÷} states showed identical, highly unusual M6ssbauer features not observed in any Fe-S protein before. Thus, both in EPR and M6ssbauer spectra the familiar features of the 3Fe cluster were considerably changed in enzyme with the {X °x = [3Fe-4S] ÷} centre. In the uncoupled state, however, 27% of the iron was present in a M6ssbauer spectrum typical for such a cluster. This means that oxidation of the group X has a drastic effect on the electronic state of the 3Fe cluster. In the C. vinosum enzyme no other metals than Ni, Fe and Cu could be detected by Neutron-Activation analysis in quantities of importance. Removal of the Cu had no effect on the specific activity, EPR or M6ssbauer spectra (Albracht, S.P.J., unpublished observations). Since X seems to be a oneelectron redox component, one possibility would be [36] that it is an extra Fe site shuttling between low-spin paramagnetic Fe(III) and low-spin diamagnetic Fe(II) at an E~ value of + 150 mV. The M6ssbauer data on the C. vinosum enzyme [192] provide some evidence for such a putative Fe site, but are certainly not conclusive. The large absorption of the cubane clusters and the fact that no complete coupling could be accomplished with the C. vinosum hydrogenase thus far hindered proper characterization of the {X °x= [3Fe-4S] ÷} centre in this enzyme. As the properties of the 3Fe cluster are so drastically changed when the putative Fe ion is oxidized, there is probably quite a close connection between the two.
From detailed EXAFS studies on the T. roseopersicina enzyme Maroney et al. [137] suggested the presence of Fe atoms at distances of 4.3 A and 6.2 ,~, from nickel. In this case the Fe atoms were supposed to be due to a novel Ni,Fe,S cluster.
The studies discussed thus far point to a putative model depicted in Fig. 11 which might serve as a source of inspiration for further experiments. It must be stressed at this point, that at present the evidence that X would be a special Fe ion is just emerging and is not convincing yet, hence I will refer to it as the putative iron.
A most puzzling observation with the C. vinosum enzyme might be mentioned at this point. The spin intensity of both the spin-coupled Nir, u(III) and the {X °X = [3Fe-4S] +} centre simultaneously decrease when 1 mM 2-mercaptoethanol is added [10, 212] . There was hardly any effect on the signals of the uncoupled Ni(III) and the [3Fe-4S] ÷ cluster. The effect of 2-mercaptoethanol has also been observed with the mem- brane-bound enzyme from A. eutrophus enzyme and enzymes from several other aerobic hydrogen bacteria [28, 176] . This phenomenon is as yet not understood.
Overview of redox and activity states of nickel hydrogenases
As described in detail in the subsequent sections, the results of activity measurements and redox titrations reported thus far for nickel hydrogenases can be accommodated into a general scheme (Fig. 12) . In inactive enzyme, showing EPR signals of Nir(III) and/or Niu(III), only a Ni(III)/Ni(II) transition can be observed in the presence of mediating redox dyes. There is no further reduction, provided that 'reductive activation' is prevented by keeping the temperature low. In many enzymes also reversible redox changes of X and the 3Fe cluster are observed. In active enzyme a transient EPR signal from a state called Ni-C or Nia(I).H 2 is observed in the presence of dyes. Also, reversible oxidation of the cubane clusters occurs. No oxidation to Ni(III) can be observed if 'oxidative inactivation' is prevented by working at low temperatures. In the absence of dyes the only reversible reaction of H 2 with the enzyme is the one with active enzyme: the EPR signal of Nia(I).H 2 disappears with increasing H 2 concentration in an n = 2 Nernst reaction; the Fe-S clusters remain reduced. The inactive and active states of the enzyme are not in equilibrium at low temperature (4°C), not even in the presence of a mixture of mediating dyes. At higher temperatures (20-50°C), however, this transition occurs much faster and this has hindered a proper interpretation of earlier redox titrations, which were usually carried out at room temperature.
Reduced states of the enzyme
Reduction of Ni(III) and the [3Fe-4S] + cluster (inactive enzyme)
In redox titrations in the presence of mediating dyes, it has been established [4, 28, 29, 32, 34, 36, 48, 64, 195, 199] that the [3Fe-4S] ÷ cluster titrates as an n = 1 species with E~ values between -75 mV and + 40 mV at pH 7.0. For the Ni(III)/Ni(II) equilibrium E~ values between -410 mV and -110 mV were reported. The midpoint potential of Ni(III), but not that of the 3Fe cluster, was found to be dependent on the pH by [ 34, 195] . Coremans and coworkers [48] have shown for the C. vinosum enzyme that both the Niu(III) and the Nir(III) titrate as reversible n = 1 species when the titration was carried out at 30°C. When corrected for a slow unready to ready conversion during the titration, the apparent midpoint potentials of both forms of nickel was indistinguishable (Fig. 13) . When the titration was performed at 2°C, however, the reduction of Nir(III) was no longer reversible, whereas the Niu(III) form and the [3Fe-4S] + cluster could still be oxidized smoothly. So at 2°C the C. vinosum enzyme behaved similarly to the D. gigas enzyme. Apparently, after reduction of Nir(III) there are additional events in the protein prohibiting subsequent re-oxidation of nickel by dyes at 2°C.
Redox properties of nickel in active versus inactive enzyme
For the F420-non-reducing hydrogenase from M. thermoautotrophicum it was found [45] that the EPR-silent state of nickel can occur in two completely different activity states of the enzyme (Fig. 14) , one being active and the other being not active. These states were not in equilibrium. Starting with unready enzyme in the inactive oxidized state (Fig. 14, upper panel) , the Niu(III)/Niu(II) couple titrated as a reversible n = 1 redox component with E~ = -140 mV at pH 6. Provided that the temperature was kept at 15°C or lower, no other signals from nickel were observed down to -350 mV even after prolonged times (hours). Likewise, 1 bar of H2 for 1 h did not induce any other Ni signals. Upon rising the potential the Niu(III) EPR signal re-appeared. Under no condition the low H 2-uptake activity (3.5% of the maximal attainable activity) changed.
When the M. thermoautotrophicum enzyme was first fully activated by incubation under H z for some hours, then redox titrations (Fig. 14, lower panel) showed the bell-shaped curve of the EPR signal of Ni-C (optimium at -250 mV, pH 6.0, 45°C, representing about half of the total Ni), an observation very similar to that reported earlier for the D. gigas enzyme [29, 33, 195, 199] . The potential was set either by the Hz-partial pressure (-380 mV to -200 mV) or by K3Fe(CN)6/dithionite (-200 mV to -50 mV). In this case no EPR signals from Ni(III) could be detected within this potential span and the enzyme activity was always high (100% between -200 mV and 0 mV, but decreasing to 70% on going to lower potentials). So with this enzyme there is the interesting situation that in the presence of mediating dyes at -250 mV the enzyme can be either EPR silent and inactive or it can show a maximal Ni-C signal and is active. Likewise at -50 mV it can be either inactive and show a maximal Niu(III) EPR signal or it can be EPR silent and maximally active.
With this enzyme it has also been shown [45, 46] that when unready enzyme was titrated from high to low redox potentials at a higher temperature (45°C at pH [451.) 6), then a Ni-C signal developed before the Ni,(III) signal had completely disappeared (due to reductive activation of part of the enzyme molecules). When starting from reduced active enzyme, the Niu(III) signal slowly re-appeared (45°C, pH 6) in a time-dependent non-equilibrium manner upon rising the potential (due to oxidative inactivation).
Clearly the switch between the active and inactive form of the enzyme is what is generally known as the 'reductive activation'. Apparently, the enzyme from M. thermoautotrophicum, a microorganism optimally growing at 65°C, cannot quickly switch from active to inactive and back at temperatures at or below 15°C. Hence it was possible to determine the properties of both states independently. These experiments demonstrate that the apparent redox properties of nickel in both states are greatly different.
C. vinosum grows optimally around 30°C. The redox titrations of Ni(III) at 30°C and pH 8 showed that the conversion of Niu(III) to Nir(III) is a slow process under these conditions [48] . At 2°C this conversion did not take place but then the reduction of Nir(III) was irreversible. Both at pH 6 and pH 8 a drop in H2-u ptake activity (assayed at 30°C) was noticed when Nir(III) was reduced at 2°C. Activity increased again under conditions where the Ni-C signal appeared (H2, 45°C at pH 6; at pH 8 some Ni-C signal slowly developed at 2°C already, at potentials lower than -100 mV).
These findings suggest that even reduction of Nir(III) to Nir(II) in the presence of dyes at 2°C is not giving rise to rapid formation of active enzyme. On the contrary, an inactive state of the enzyme was encountered under these conditions. So, an enzyme with {Nir(III); xred; 3Fered; 2x4Fe °x} readily gave rise to H2-uptake activity under the usual assay conditions (H 2, benzyl viologen, anaerobic, 30°C), whereas one with {Nir(II); xred; 3Fered; 2x4Fe °x} prepared at 2°C behaved inactive in such an assay. The reason for this is not understood.
It is worthwhile mentioning in this respect that it has been observed for the D. gigas enzyme [72] that upon contact of the oxidized anaerobic enzyme with H 2 the EPR signals of Niu(III) and the [3Fe-4S] ÷ cluster disappeared and a broad signal ascribed to the reduced cubane clusters appeared within 5 min. The preparation was still inactive. Activity could only be measured after 2-4 h and this was accompanied by the appearance of the Ni-C signal. Redox titrations (in the presence of dyes) showed that the cubane clusters have E~ values in the range on -290 to -350 mV (-350 mV [33] ; -290 mV for one cluster and -340 mV for the other one [199] ). Maximal Ni-C signal was obtained in the range of -270 mV to -390 V. This indicates that in the presence of H 2 (no dyes present) the enzyme experienced the reductive power of H 2, enabling extensive reduction of the cubane clusters, before the actual ready to active transition had taken place. Apparently this redox-linked process is not in rapid redox equilibrium with the cubane clusters under these conditions. It demonstrates again that this transition is a slow process.
Redox behaviour of Ni=(I).H e ('Ni-C')
Once over the barrier ('reductive activation') all nickel hydrogenases examined so far show the Ni-C EPR signal [12, 29, 62, 112, 144, 176, [196] [197] [198] 206] . The Ni-C signal in the enzyme from C. vinosum has also been observed at room temperature (Chen, M. and Albracht, S.P.J., unpublished observations), excluding any freezing artifact. The unpaired spin causing this signal showed considerable nickel-hyperfine interaction in 61Ni-enriched preparations [33, 112, 144] . Therefore the signal was ascribed to nickel. It was first reported by Moura et al. [144] in the D. gigas enzyme and interpreted by these investigators as another form of Ni(III). Being the third signal detected for nickel in hydrogenases, it is often called Ni-C (gxyz = 2.19, 2.16, 2.02). In redox titrations (mediating dyes, room temperature) the signal follows a bell-shaped curve and disappeares virtually completely both at low and high redox potentials (Fig. 14) . The signal has also been observed in the absence of mediators. Kojima et al. [112] reported that when the F420-reducing hydrogenase from M. thermoautotrophicum, strain AH was fully reduced with H2, then the Ni(III) signal (Niu(III) as we now know) of the oxidized enzyme disappeared completely. When the H 2 gas was subsequently replaced by Ar a new rhombic signal (gxrz=2.196, 2.14, 2.01) appeared. As removal of H 2 means a rise in redox potential, the authors suggested the new signal to be due to a different form of Ni(III), although they did not exclude Ni(I), a 3d 9 system, as the possible cause for the new signal.
Similar phenomena were observed with the C. vinosum enzyme [206] . In addition it was found with this enzyme that rigorous removal of H 2 resulted in the slow disappearance of the new signal, with no other Ni-signals showing up. The transient signal was ascribed here to Ni(I). In retrospect, it was probably Krasna [116] usually called the Ni-C signal, I will also refer to nickel in this state as Nia(I).H 2 to indicated that: (i) the nickel centre is one electron more reduced than Ni(II); (ii) the enzyme is in its active state; (iii) hydrogen is bound to the nickel centre in this state.
Cammack et al. [33] have studied the pH dependence of the redox properties of the Ni-C species and showed that the positions of the two slopes of the bell-shaped curve (see Fig. 15 ) had a different dependence. The low-potential slope moved with -60 mV per pH unit, whereas the high-potential slope moved with -120 mV per pH unit. Consequently a plateau was reached at lower pH values. The low spin concentration at pH 8.1 of nickel in this state (50-60%) was explained by the overlap of the two n = 1 reactions; in agreement with this explanation, more intensity (90-100%) was observed at pH 6.
Although the Ni-C signal has a transient nature in redox titrations in the presence of dyes in all enzymes studied thus far, this is not a true representation of the equilibrium of the enzyme with hydrogen: it is an artifact induced by the dyes. Coremans et al. [47] have shown that active nickel hydrogenases from C. vinosum and M. thermoautotrophicum strain Marburg are, as expected, in redox equilibrium with the substrate H 2 also in the absence of mediating dyes. In this case, however, the Ni-C EPR signal titrated as an n = 2 redox component (Fig. 16) . Even in intact cells of M. thermoautotrophicum strain Marburg the Ni-C signal responded in this way [47] . Hence, this reflects the true way in which the enzyme reacts with H 2. Recently, it was reported that the D. gigas enzyme presumably behaves similarly [161] .
The findings of Coremans et al. [47] have important implications for our thinking about the enzyme. First it is the enzyme displaying the signal characterized to be due to a reduced nickel centre with bound hydrogen [206] (see later), Nia(I).H 2 or Ni-C, which reacts with H2, whereby two reducing equivalents are taken up by the enzyme, resulting in the disappearance of the signal of Ni-C. This means that the Ni-C centre, being an S = 1/2 system, takes up one electron and that the second electron has to go somewhere else. Coremans et al. [47] , taking into account extensive redox-titration studies (dyes present) of Teixeira et al. [199] on the D. gigas enzyme, considered one of the low-potential [4Fe-4S] clusters to be a possible candidate for the second electron. In the same report [47] it was also mentioned, however, that the broad EPR signals observed in active enzyme at 4.2 K and ascribed to the cubane clusters, did not noticeably depend on the applied redox potential. This confirmed earlier observations of Van der Zwaan et al. [208, 209] who also found that the broad EPR signals did not change when H 2-reduced enzyme was incubated with Ar for a short time (to obtain a large Ni-C signal) or a very long time (when virtually no Ni-C signal was left). Likewise, when Hz-reduced enzyme (no dyes) was extensively treated with CO in the absence of H z, whereby the initially formed Nia(I).CO signal disappeared completely [207] , presumably by oxidation to Ni(II) (see later), the broad signals did not noticeably change [209] . This argues against a role of the cubane clusters in the reversible reaction of the active enzyme with H 2 (no dyes). The 3Fe cluster is also discounted, since it remains reduced all the time. It is questionable, therefore, whether Fe-S clusters are involved at all in the n = 2 redox equilibrium of H 2 with the enzyme. This is another reason for involving an unkown redox component in the enzyme (Fig. 12 ) which can take up the second electron.
M6ssbauer spectra at 50 K of the H2-reduced C. vinosum enzyme [192] could not be satisfactorily simulated as a summation of one [3Fe-4S] ° cluster and two [4Fe-4S] + clusters (Fig. 17) . The difference between the experimental spectrum and the simulation (Fig. 17,  traces b) amounted to about 8% of the total absorption of the sample. This would be equivalent to roughly 1 Fe atom with a surprisingly small isomer shift of t$--0.05-0.15 mm/s. This species was not observed after oxidation with benzyl viologen. This is an indication that the unknown redox component might be iron, possibly the putative extra Fe atom discussed before. In view of the absence of 4Fe clusters in the small subunits of soluble hydrogenase of A. eutrophus (and hydrogenase-3 of E. coli), a study of the equilibrium reaction of H 2 with the readily available Alcaligenes enzyme might shed further light on this problem.
A second important implications of the equilibrium of the Nia(I).H z state with H 2 is that there must be a second site for H 2 binding. It is assumed [47] that this site represents the real catalytic site where hydrogen is activated under turnover conditions.
Binding of hydrogen and carbon monoxide to
Nia(1)
Van der Zwaan et al. [206] discovered the binding of hydrogen to nickel via the light sensitivity of the enzyme in this state at temperatures below 77 K. This has been found to be a general property of nickel hydrogenases. Also CO can bind to the nickel centre in this state [33, 207, 210] . Fig. 18 summarizes the relevant evidence from EPR. The Ni-C signal (dark signal) in the C. vinosum enzyme is converted into two slightly different EPR signals (light signals) after illumination of the sample with white light (Fig. 18, lower traces) . The F420-reducing and the Fa20-non-reducing hydrogenases from M. thermoautotrophicum [13, 208, 209] and the enzyme from D. gigas [107] show only one light-induced signal. The reaction, carried out in the temperature range of 4.2-60 K, was nearly 6-fold slower, when the Ni-C state of the C. vinosum enzyme was prepared in a D20/D 2 environment, whereas the only isotope effect on the EPR spectra was a small sharpening of the lines of Ni-C (maximally 0.5 mT in the gy) [206] . Carbon monoxide, an inhibitor competitive towards H 2, gave a [192] .) different EPR signal. The CO compound was likewise light sensitive (Fig. 18, middle traces) . Illumination resulted in an EPR spectrum virtually identical to that obtained after illumination of the Ni-C state. With CO, no effect on the rate of the light-induced reaction or the line widths could be found when prepared from a D20/D 2 incubated enzyme. The nearly isotropic superhyperfine splitting of 3 mT from 13CO (I= 1/2) provided direct evidence for spin density of the unpaired electron on the C-nucleus (Fig. 18, upper traces) .
After photodissociation no such splitting was observed anymore, in agreement with the proposed breakage of a Ni-CO bond. Based on these experiments it was proposed [210] that Nia(I) can bind H E or CO at the same axial position. Although it was initially thought that a simple hydride might be the ligand [206] , such a possibility was dismissed when it was brought to our attention that model complexes of Ni(I).H-, with a hydride in axial position showed a strong nearly isotropic superhyperfine splitting of 10 mT [143] .
Since 1984 it has become clear that, as discovered by Kubas et al. [118] , in a number of model compounds of transition metals molecular hydrogen can act as a ligand [50, 98, 119] in a side-on configuration [164] . This led Crabtree [50] to propose that dihydrogen might well be a ligand to Ni(III) in hydrogenases. Van der Zwaan et al. [210] 
favoured binding of dihydrogen to Ni a(I).
As the gz of the Nia(I).H 2 signal is very close to ge and gxy > g~, it has been assumed [210] that the unpaired spin is in an orbital with a large dz2 character [223] . Model complexes show that the unpaired spin can then sense the presence of magnetic nuclei in axial position, as evident from EPR spectra with anisotropic superhyperfine splitting in the g~ line in case of dipolar coupling (e.g. [84] ), or isotropic hyperfine splitting in the case of exchange interaction (e.g. [143] ). The nearly isotropic superhyperfine splitting of the bound 13CO was explained in this way [210] : mixing of the sp-hybrid of the C atom with the dz2 orbital of the nickel can give the unpaired electron a finite spin density on the 13C nucleus. After photodissociation of the CO, spectra were obtained where the lowest g value is 2.05. This indicates that the unpaired spin is no longer in an orbital with a dz2 character. It was explained by assuming that the relative energy of the dz2 orbital in a d 9 system dropped below that of the dx2_y2 (or even the dxy) orbital. This could result in the observed changes in the EPR spectrum giving spectra with gxy < gz, whereas none of the g values is close to ge [165, 223] . Oxidation of this state to Ni(III) would then result in the electronic configuration xy(2), z2(1), x 2 -y2(0) and would explain the EPR spectrum of the trivalent nickel with one of the g values close to 2.
Although the bond between nickel and hydrogen or CO is broken by illumination, the latter molecules stay close to the nickel centre. The reaction is easily carried out at 4.2 K. Wanning of the sample to about 200 K in the dark results in a rebinding within 10 min [206, 207, 210] . Cammack and coworkers [39] have noticed for the D. gigas enzyme that the re-appearance of the Ni-C signal at high temperatures, after illumination at low temperatures, was also five-fold slower when the Ni-C signal was produced in D20/D 2.
The binding of hydrogen has also been probed with ESEEM [39] and ENDOR [60] . For the D. gigas enzyme [60] could be exchanged in D20 only in the active state of the enzyme. Upon oxidation by air only the weak coupling persisted [39, 60] . No apparent changes were observed in the ESEEM studies upon illumination of the Ni-C state [39] .
Maroney and coworkers [225] have repeated and extended the ENDOR measurements with the T. roseopersicina enzyme displayed an isotropic coupling and were ascribed to /3-CH 2 protons from a cysteine residue [225] .
The model [210] in which dihydrogen is in axial position of a monovalent nickel with its unpaired spin in a dz2 orbital, does still not provide a comfortable explanation for the minute light-sensitive hyperfine interactions observed by EPR and ENDOR. A possible answer to this dilemma came from studies on 77Se-containing F420-non-reducing hydrogenase from M. voltae [183, 184] (Fig. 19) . It was found that the unpaired electron in the both the dark and the light-induced Ni-C state had considerable hyperfine interaction with 775e ( Figs. 19 and 20) .
This cannot be explained in the model of van der Zwaan et al. [210] illumination, from a direction along the Ni-Se axis to a direction perpendicular to this axis.
The use of D20/D z had no noticeable effect on the Ni-C signal in the dark of the Se-containing enzyme. Apparently the unpaired spin in the dz2 orbital did not sense magnetic nuclei. This means that the ligand opposite to Se cannot be a hydride, whereas also dihydrogen is less likely to be there. Hence, it was concluded that the Ni-hydrogen bond was presumably perpendicular to the Ni-Se bond. The 13CO hyperfine splitting found by Van der Zwaan et al. [210] in the dark Nia(I).CO species, where the g values indicate a dz2 type of orbital for the unpaired spin, was explained by assuming that binding of CO, perpendicular to the Ni-Se bond, likewise resulted in a flip of the electronic z-direction into the direction of the Ni-CO bond. This is illustrated in Fig. 21 . For convenience the model was drawn with six ligands, but a more realistic structure would be a trigonal bipyramidal one. This model can explain all observations obtained thus far. The model can be verified by studying the Nia(I).13CO species in 77Se-enriched enzyme; the dark signal is then expected to show hyperfine interaction with the 13C nucleus, but not with the 775e nucleus. The anisotropic nature of the hyperfine interaction with 77Se in the dark Ni-C species was assumed to be somehow related to the possible cooperation of Se (as an R-Se-base) in the binding and activation of hydrogen, A study of the pH dependence might further elucidate this point.
The Nia(I).n 2 EPR signal." its intensity and its two-fold splitting
Another intriguing property of the Nia(I).H 2 signal is that it can show a two-fold splitting at 4.2 K. This phenomenon was first described for the D. gigas enzyme by Cammack and coworkers [31, 33] , who suggested the nickel spin to be interacting with the spin system causing the broad EPR signal (the cubane clusters). Also Teixeira et al. [196] noticed the strange line shape at 4.2 K. Redox titration (with dyes) showed that the 4.2 K signal, designated by these authors as the g = 2.21 signal, and the Ni-C signal appeared and disappeared at different potentials [199] . Their interpretation is that the signals represent two different oxidation states of the enzyme: depending on the oxidation state of the cubane clusters (or one of them), there is spin-spin interaction with Ni-C or not.
Also for the M. thermoautotrophicum enzyme it was reported [45] that the the two-fold splitting of the Ni-C signal at 4.2 K was dependent on the conditions. In partially purified Fae0-non-reducing hydrogenase of M. thermoautotrophicum reduced with H E (no dyes) no splitting was observed at pH 6 over the entire potential range covered [47] . In this case 90% of the nickel observable as Ni(III) in the oxidized enzyme, was detected as Nia(I).H 2. At pH 8, where only 57% of the nickel was observed in the Ni-C signal, a two-fold splitting was present mainly at lower potentials.
With pure C. vinosum enzyme, titrated with H 2 (no dyes) at pH 8, full splitting was observed at 4.2 K over the entire potential range and the signals at 40 K and 4.2 K were always equal in intensity within error [47] . The Ni-C intensity was 55% of the detected Ni(III) concentration. Recently, we have again compared spectra of the pure C. vinosum enzyme activated with 1 bar of H2 and subsequently incubated under 1% H E and 99% He, both at pH 6 and 9. The absolute intensity obtained under 1% H e differed (60% at pH 9 and 90% at pH 6) and a complete two-fold splitting was only obtained at pH 9. At pH 6 only part (about two-thirds) of the Ni-C signal was split at 4.2 K (Duin, E.C. and Albracht, S.P.J., unpublished observations). The experiments indicate that in this case (no dyes; n = 2 reaction) [47] Cammack's explanation (Fig. 15) [33] for the different intensities of the Ni-C signal at pH 8 and pH 6 is not applicable. This leaves the question as to what determines the pH-dependent absolute spin concentration of the Ni-C signal.
Spectra at 9 GHz and 35 GHz reported for the Ni-C signal of the C. vinosurn enzyme at pH 8 [208] proved that the signal obtained at 4.2 K is a two-fold split version of the Ni-C signal observed at higher temperatures. the cubane clusters in the small subunit, might be most instructive.
Binding of carbon monoxide to Ni(II)
Van der Zwaan et al. [207] noticed that when C. vinosum enzyme, which was maximally reduced under 1 bar of H2, was briefly treated with CO without eliminating all the H2, then the Nia(I).H 2 signal could be replaced by a Nia(I).CO signal (intensity about one quarter of the maximally detectable Ni(III) signal), as already discussed above. These workers also noticed that upon extensive evacuation and flushing with CO, the Nia(I).CO signal completely disappeared (Fig. 22) .
A minor signal with gxy = 2.11 and gz = 2.02, representing only 1% of the maximally detectable Ni(III), persisted (Fig. 22, trace F) . This signal showed broadening when evoked with 13CO but was not light sensitive [207, 210] . Its line shape shows some resemblance to the CO-induced EPR signal (gxy = 2.07, gz = 2.02) in CO dehydrogenase from Clostridium thermoaceticum [155, 180] . Its origin is not known.
Carbon monoxide can specifically induce the reduction of Nir(III) [17, 42] specific disappearance of the Nir(III) EPR signal was observed (Fig. 23) . One possible way to explain these findings is by assuming a selective binding of CO to Nir(II) resulting in an apparent increase of its midpoint potential of at least 150 mV. The binding of CO was further investigated by FTIR studies [17] . In one set of experiments the CO form of the enzyme was prepared as in Fig. 22 , trace F. In another set the Ni(II).CO fo~m was prepared as shown in trace II-D of Fig. 23 , by incubating oxidized ready enzyme with excess ascorbate, with PMS as mediator, under a CO atmosphere. The FTIR spectra of the enzyme treated with H2/CO is shown in Fig. 24 , left-hand panel. When illuminated at low temperatures, the 2060 cm-1 band disappeared and the bands at 1928, 2068 and 2082 cm -1 slighlty shifted to higher frequencies. At 200 K in the dark this effect could be reversed. When prepared with ascorbate/PMS/CO at 50°C, the same light minus dark difference spectrum was obtained (Fig. 24 , right-hand panel). When prepared with 13CO, the 2060 cm-1 band shifted to 2017 cm-1, proving that the band originates from the C-O stretching vibration of metal-bound CO. The origin of the other bands is presently unclear; strong bands in this region are not found in any other proteins. From the EPR and FTIR data together it can be concluded that the most likely explanation for the light-sensitive 2060 cm -t band is that it is due to a Ni(II).CO species. Light induces the photodissociation of the CO, thereby shifting its IR frequency to 2138 cm-1. Warming of the sample to 200 K caused CO to bind to nickel again. The behaviour is completely analogous to the earlier findings with the S = 1/2 Nia(I).CO species (Fig. 18 ) [207, 210] . The fact that the light minus dark FTIR spectra of the ascorbate-induced Ni(II)-CO species (initially assumed to be a Nir(II).CO state) and the H2/CO-induced Ni(II)-CO species (assumed to be a Nia(II).CO state) are the same, implies that the cubane clusters do not contribute to these spectra. Taking the broad EPR signals as due to the reduced cubane clusters, we know for the C. vinosum enzyme that these clusters remain oxidized in the ascorbate-induced Ni(II)-CO state, but are reduced in the H2/CO-induced Ni(II)-CO state. If the unknown bands in the FFIR spectra represent vibrations around the Ni site, then any assumed differences of the ready Nir(II).CO state and the active Nia(II).CO state might be non-existent in as far as the Ni site is concerned, i.e. the nickel site might have exactly the same structural environment. In this respect it is worthwhile to note that we have indeed observed that the ascorbate/PMS-treated enzyme activates under CO, but not under Ar (Roseboom, W. and A1-bracht, S.P.J., unpublished observations). Together with the observed slow binding of CO under these conditions (Fig. 23) , this indicates that 'reductive activation' might take place before CO can actually bind to nickel. Hence, it is assumed in this review that CO can only bind to Ni a. The reactions of CO with the C. uinosum enzyme are summarized in Fig. 25 . The binding of CO to Nia(II) also suggests that H 2 might bind to Nia(II). This possibility remains to be verified experimentally. It must be remembered here that in the absence of mediators and at extremely low H 2 concentrations the Nia(I).H 2 state is very stable (Fig. 12) and apparently preferred over the putative Nia(II).H 2 state. In the presence of mediators, however, Nia(I).H 2 is rapidly oxidized to an EPR-silent state under these conditions (Fig. 12 ).
An interesting case of binding of a gaseous inhibitor involves acetylene. This gas was shown to inhibit nickel hydrogenases from Azotobacter chroococcum [181, 204] , A. vinelandii [105] and the enzymes from D. gigas and D. baculatus [95] . The reaction of acetylene with the enzyme is prevented by H 2 [105, 204] . More recently it was shown that acetylene strongly binds to the large subunit of the A. vinelandii enzyme [191] . The binding persisted after treatment with various strongly denaturating agents. Acetylene binding also completely protected the otherwise highly oxygen-sensitive enzyme against air. Although binding of acetylene to a metal ion is suspected, it is not yet known whether nickel is involved.
Selenium
In 1982 Yamazaki [228] first reported that Se was a constituent of hydrogenase from Methanococcus vannielii in the form of a selenocysteine residue. No mentioning of nickel was made, nor were any EPR spectra reported. Later Se was detected in nickel hydrogenases from D. baculatum (formerly D. desulfuricans, strain Norway) [160] , D. salexigens [197] , M. voltae [145] , D. baculatus [198] and Thermodesulfobacterium mobile [63] . There were no data on the gz. The possible light sensitivity of Ni-C of this particular preparation was not tested. Also no data were shown on the oxidized Ni(III) state. In earlier reports on this enzyme [198] , EPR spectra were shown with g values for Ni(III) of g123 = 2.20, 2.06, 2.00. This is a most unusual set of g values (g~ > gxy; gx = ge) for a low-spin 3d 7 system and the g values differ considerably from those of the ordinary Ni hydrogenases (gxyz = 2.3, 2.24 or 2.16, 2.01). The soluble cytoplasmic hydrogenase from D. baculatus, which also contains Se, was virtually EPR silent in the oxidized state [198] ; in the reduced state it showed the same EPR spectrum as the reduced periplasmic enzyme. Although the membrane-bound enzyme was reported to contain Se as well [198] , it showed EPR spectra just like the Ni-S hydrogenases [71, 122, 198] . The reason for the totally different EPR spectra in the oxidized state of these Se-containing nickel hydrogenases is unknown. The presence of Se seems to have a pronounced effect on the individual reactions involved in the Dz/H20 exchange reactions of nickel hydrogenases [198] , and sometimes also on the activity of the enzyme [183] . The properties of hydrogenase from M. voltae, 92% enriched in 778e, have been discussed already and were summarized in Fig. 21 .
Sulphur, oxygen and nitrogen
The first attempts to characterize the ligands of Ni were reported by Lindahl et al. [129] . From EXAFS measurements on the Fa20-reducing hydrogenase from M. thermoautotrophicum these investigators concluded that 3 S ligands were present in the direct coordination of nickel. Scott and coworkers initially came to higher coordination numbers for S on interpreting EXAFS data from the D. gigas enzyme (4-5 S at 2.20 A [178] and even 6 S [179] ). The interpretation of the data was refined as new and well characterized model compounds of nickel became available as references. To date best fits to the data could be obtained by Scott and coworkers [56] by assuming 2 S atoms at 2.24 ,~ and 2-4 N,O atoms at 2.06 ,~ as ligand for nickel in the oxidized D. gigas enzyme.
Maroney and coworkers [18, 136, 137, 224, 225] have carried out extensive X-ray absorption measurements on the enzyme from T. roseopersicina. Their most recent interpretation for the Ni-C species is that 2 + 1 S(C1) at 2.22-2.25 ,~, 2 + 1 N(O) at 1.92-2.02 .~ and 1 distal S(CI) at 2.70-2.75 A are present [225] as ligands to nickel. In another publication of the same group [18] , where five different states of the enzyme (from completely oxidized to completely reduced) were investigated, it was stated that EXAFS spectra obtained At that time, however, it was concluded that there was no distal S atom present in the Ni-C form. Illumination of the Ni-C form had no detectable effect on the number of S, N or O ligands. Maroney and coworkers also presented evidence that a large scattering atom is present at a distance of about 4.3 A from the nickel and possibly another one at 6.2 ,4,. They speculated that these can only be iron atoms and therefore proposed the presence of a novel Ni-Fe-S cluster in this hydrogenase [137] .
The pre-edge features, where ls ~ 3d and ls ~ 4p transitions can occur, provides possible information on the type of coordination. Eidsness et al. [56, 57] concluded for the D. gigas enzyme that the coordination would be tetragonally-distorted octahedral or trigonalbipyramidal, in line with earlier conclusions based on the EPR spectra of Ni(III) in several hydrogenases [7, 29, 144] . Maroney and coworkers came to a similar conclusion from X-ray absorption studies on the T. roseopersicina enzyme [18, 136, 137, 224, 225] .
Albracht et al. [12] looked at the effect of 335 (I = 3/2) enrichment on the EPR spectrum of Ni (III) and Ni(I) of hydrogenase from I, t4. succinogenes. From these studies it was concluded that only 1 S nucleus induced detectable hyperfine splitting in the EPR spectrum of Nir(III), whereas the spectra of Nia(I) ('dark' and 'light' spectrum) were likewise each perturbed by the nuclear magnetic moment of one 335 atom. As the unpaired electron in the dark and the light-induced states was supposed to probe different directions for possible hyperfine interactions, the possibility of the presence of two S ligands could not be excluded. In view of the interpretation of the EPR spectra to Ni(III) and Ni(I) [12, 210] , one axial S atom and possibly also one 1 equatorial S were proposed to be present. The recent experiments with 77Se-enriched enzyme from M. voltae [184] show that the unpaired electron in both the dark and the light-induced states of the Ni-C species strongly interact with the 775e nucleus (Fig. 21) . This information restricts the number of possible interpretations of the 33S experiment and might be of help in obtaining a more refined analysis. Before doing so, it would be desirable to have one additional piece of information, namely whether the electronic z-axes in the Ni(III) and Nia(I).H 2 species are the same. Also this can be established with a 77Se-enriched hydrogenase.
ESEEM experiments have first been reported for the oxidized enzyme from M. thermoautotrophicurn. [194] . In the F420-reducing enzyme a weakly interacting N nucleus was detected in this way, ascribed to a possible distal N from histidine or flavin. No such interaction was detected in the Fn20-non-reducing enzyme, however. A weakly interacting N nucleus has also been detected by spin-echo measurements with the enzymes from D. gigas [39] and T. roseopersicina [37] , which contain no flavin. The problem with weak N-hyperfine interactions is that no conclusion about the precise location of the N-nucleus can be made, i.e. it could be due to a weak interaction from a ligand or from nitrogen in the second coordination sphere [37, 102, 194] . On basis of the interpretation of Ni-C as Nia(I).H 2, Van der Zwaan et al. [210] argued that it is unlikely that N is in the direct coordination of nickel. No evidence for N-superhyperfine splitting is observed in any of the published nickel EPR spectra of hydrogenases. The recent results with the 77Se-enriched enzyme of M. voltae [184] suggest that the unpaired spin in the Nia(I).H 2 (dark and light states) and the Nia(I).CO states probe for magnetic nuclei in 5 different directions (Fig. 21) . As the EPR line widths of both the Ni(III) and all types of Nia(I) species are rather small (0.9-1.5 mT in X-band) this means that the unpaired spin in the d-orbitals does not sense N ligands in those five directions. This observation makes N as a ligand in the Ni-C state less likely. In view of the widely different properties of nickel in the inactive and active state of the enzyme, it cannot be excluded from EPR measurements, though, that N is an equatorial ligand of Ni(III), where the unpaired spin, being in a d~2 orbital, probes only two directions. X-ray absorption measurements [18, 57, 136, 137, 224, 225] , however, argue against such a possible change.
From experiments in water 40% enriched in 170 (I = 5/2) there is no evidence for any interaction between Ni {Nir,u(III) and Nia(I) (dark and light-induced states)} and the oxygen atom of exchangeable water molecules (Van der Zwaan, J.W. and Albracht, S.P.J., unpublished observations). In view of the interpretation of the EPR spectra of the 77Se-enriched hydrogenase [184] (Fig. 21) , this would make water binding to at least four of the possible coordination sites of nickel unlikely. Yet, water might be expected to play an essential role in the transfer of protons to and from the active site during turnover.
Studies with 0 2 enriched in 170 (I = 5/2) [210] revealed that reoxidation of H2-reduced C. vinosum enzyme with 170 2 resulted in preparations with Nir(III) plus Niu(III). The EPR spectra of both were broadened bya702; the g values were, however, not changed, nor was there any influence on the power saturation behaviour. Similar results were obtained with the D. gigas enzyme [35] . The effect of 170 2 on the C. vinosum enzyme could not be removed (within 4 h) by flushing with normal 0 2 or CO, indicating a tight binding, a very slow equilibration, or the formation of a reduced oxygen adduct. Identical EPR spectra, only without the extra broadening, could be obtained by oxidation of H2-reduced C. vinosum enzyme under strictly anaerobic conditions [210] . Subsequent admission of 170 2 then had no effect. These observations make it unlikely that 0 2 is a direct ligand to Ni(III). EPR spectra of S = 1/2 transition-metal systems are usually highly sensitive to slight changes in the coordination of the metal. Likewise, the S = 1 system of oxygen is presumably no longer present when 0 2 has reacted with the reduced enzyme.
The coordination of nickel in active enzyme
In the selenocysteine-containing hydrogenases from D. baculatus [57, 96] and M. voltae [183, 184] it is beyond doubt that the selenium is a ligand to nickel. As the selenocysteine in these enzymes replaces the first Cys residue in motif 5L (Fig. 5) in the large subunit (DPCxxCxxH), it is likely that the second Cys is involved in the coordination as well. The amino-acid sequence suggests the Asp and His residues as other possible candidates.
As hydrogen is bound in the Nia(I).H 2 state and since enzyme in this state can react with yet another hydrogen, it can be argued that if nickel is also directly involved in the second process, then two coordination sites of Nia(I) have to be vacant for reactions with hydrogen. Under the reasonable assumption that the maximal coordination number is six, this would leave only four sites available for ligands from the protein (note that in Fig. 21 five protein ligands have been drawn for convenience only). Mutation studies with the enzymes from E. coli (hydrogenase-1 [154] and A. eutrophus (soluble enzyme) (Massanz, C. and Friedrich, B., personal communications) show that the first Cys residue in motif 5L in the large subunit is most important. If mutated to a Ser residue, there was no synthesis of active hydrogenase anymore. In case of the Alcaligenes enzyme, the large subunit was produced, but showed virtually no nickel binding. When the second Cys residue in motif 5L was changed to a Ser residue, then no active enzyme was found in both bacteria as well. In A. eutrophus the large subunit accumulated, but now did contain Ni. This strongly suggests (Massanz, C. and Friedrich, B., personal communication) that the first Cys residue in motif 5L is essential for nickel binding in the precursor form, but the second one is not. This result does not exclude the possibility that the second Cys residue is also involved in nickel binding. Przybyla et al. [154] made three more single point mutations in the motif 5L: Asp ~ Val, Pro ~ Arg and His ~ Leu. Only in the last case was a low activity (10-20%) observed. This means that also the conservative Asp and Pro residues are vital for the biosynthesis of active enzyme.
In view of the conservative sequence DPC in motif 5L and the effects of mutation of each of them, it might well be that the two oxygen atoms of the aspartate residue and the S atom of the first Cys residue might form a rigid basis for the coordination of nickel. The proline residue probably puts certain constraints upon the possible relative positions of these 3 atoms. We have used the sequence of the 25-residues long subunit of the M. voltae hydrogenase [183] for a modeling study (Moerenhout, J.M. and Albracht, S.P.J., unpublished observations). We replaced the selenocysteine for a normal Cys residue and followed the dynamics of a model minimized in energy by the program SYBYL. It was indeed found that the relative positions of the two oxygen atoms of the Arg residue and the S atom of the Cys residue were rather constant. The position of the S atom from the second Cys residue was, however, rather flexible, as was the position of the terminal His residue. A possible coordination of the Nia(I) state might therefore be as depicted in Fig. 26 . Ascribing the two conservative thiolates of motif 2L in the large subunit also as ligands to nickel would increase the coordination number to 6 and is considered here as unlikely. It would not be in line with the EPR data on the active 33S-enriched enzyme, nor would it match the EXAFS data on the enzymes from D. gigas, D. baculatus and T. roseopersicina. In this respect one also has to remember that the spacing between the block of motifs 1L-3L and the block of motifs 4L-5L is widely different among the hydrogenases. It can differ by up to 210 amino acids (Fig. 5) . In the F4z 0-non-reducing enzyme from M. voltae there is no covalent attachement at all of motif 5L with the other motifs [183] . The EPR spectra of Ni-C are, however, all virtually identical. This is why this author considers the possibility that the conservative amino-acid sequence motifs 1L and 2L in the large subunit might assist in the creation of a specific environment for a putative Fe atom, which is sometimes observed as a {X °x= [3Fe-4S] ÷} centre, X possibly being low-spin Fe(III), discussed earlier in this review (Fig. 11) .
Three single point mutations have been obtained by Przybyla et al. [154] in motif 2L: Arg ~ Leu, Cys t ---> Ser and His ~ Leu. The replacement of the His residue appeared not vital for enzyme production; only its activity was impaired. The presence of the other two conservative residues was essential; no activity could be detected when one of them was mutated.
The coordination of Ni~(III) and NiJIII)
There is also the question as to what causes the difference in coordination between the Nir(III) and the Niu(III)? The difference in gr and gx values suggest that the energy differences between the dxz/dy z orbital couple and the dz2 orbital differ for the ready and the unready Ni(III). Unready nickel cannot be quickly activated by H 2 [70] , whereas Nir(III) can. Also the presence of reducing equivalents and CO does enable the conversion of Nir(III) to the Nia(II).CO state, but these conditions have no effect on Ni u(III). It seems therefore as if in unready enzyme the coordination of nickel leaves no space for the approach of external ligands. EXAFS data [224] suggested a slight change in binding length of a possible distal sulphur as the only difference: 2.5 A in Ni~(III) versus 2.4 ,~ in Niu(III). In Ni a this S atom apparently moves away to 2.7 A [225] . It is perhaps the position of this distal sulphur atom which determines the properties of unready and ready nickel. It might also cause the strong differences in behaviour of Nir,~(III) in inactive enzyme and Nia(I) in active enzyme. The observation that CO binding to Ni(II) seems only possible after reductive activation is in line with this idea. It remains to be determined whether this distal sulphur is coming from motif 2L, or whether it is from the second Cys residue in motif 5L.
Many enzymes are mainly or completely in the Niu(III) state when isolated ( D. gigas, T. roseopersicina, M. thermoautotrophicum). Hydrogenases from methanogens appear to be exclusively in the unready state whenever they are oxidized. Only under special conditions [46] short-lived Nir(III)EPR signals were observed. Bagyinka et al. [18] reported that the ready T. roseopersicina enzyme converted to the unready enzyme upon standing, even at 77 K. This all indicates that the unready form of the nickel hydrogenases (and the unready coordination of nickel) is energetically the most stable state one.
Formal valence states of nickel
The simplest interpretation of the redox properties of the nickel centre in the enzyme, as monitored with EPR is:
As valence-state transitions of more than one can usually only occur at widely different redox potentials in model compounds of nickel, it is unlikely that the actual charge density on the nickel ion in hydrogenase is in agreement with the formal valence states indicated above. Still, for a discussion of the several redox state of the nickel centre it is useful to adhere to this notation.
It must be stressed once more that at temperatures where the reductive activation or the oxidative inactivations can be suppressed, either the Ni(III)/Ni(II) redox equilibrium (with dyes) can be observed, or the Nia(II) ~ Nia(I) ~ Nia(0) equilibria, but not both types at the same time (Fig. 12) . So Nia(II) is not in redox equilibrium with any of the Nir,u(III) or Nir,u(II) states. Assuming that the rearrangement of the distal S ligand to nickel is a slow process (as is the activation/inactivation), then these observations become somewhat more understandable. The position of this distal S might also contribute to the strong changes in redox behaviour of nickel. Fig. 26 . Computer-generated model based on the 3 kDa subunit of the selenium-containing F420-non-reducing hydrogenase of M. voltae [183] . The N-terminal residue is a methionine. The selenocysteine has been replaced by cysteine. The upper image shows a picture of the complete peptide; the lower image concentrates on the conservative motif 5L, which is situated at the upper right in the upper picture. Colours used: C, red; H, white; O, blue; N, green; S, yellow. The blue oxygen atoms of the carboxylic acid group of the Asp residue are nearly in the centre of the lower picture. The yellow thiolate groups of the two Cys residues are protonated in this model and hydrogen bonded to the carboxylic-acid group of the Asp residue. The model was generated by J.M. Moerenhout in the author's laboratory (with thanks to W. Roseboom for photography).
MCD as well as magnetic susceptibility measurements have indicated that nickel in the oxidized enzymes of M. thermoautotrophicum [107] , C. vinosum (Cheesman, M. , Van der Zwaan, J.W., Albracht, S.P.J. and Thomson, A.J., unpublished experiments; [40] ) and D. baculatus [221] is paramagnetic S = 1/2, whereas upon reduction to the EPR-silent Ni(II) state no magnetism could be observed. Together with the EPR data this strongly points to a conversion of Ni(III) {S = 1/2, 3d 7} to Ni(II) {S = 0, 3d8}, being responsible for the observed redox transitions in the inactive enzyme.
The position of the K-edge in X-ray absorption spectroscopy (XAS) of metal compounds reflects the charge density on the metal ion. As outlined by Eidsness et al. [56] , also the coordination can be of importance for the precise position of this edge. In model compounds of nickel, this edge usually shifts by 2-3 eV upon a change of the valence state of nickel [56, 224] . XAS studies with oxidized and reduced enzyme from D. gigas indicated that the variations in energy of the K-edge of Ni were at most 1-2 eV [56] . As the coordination of Ni is also of influence on the position of the K-edge, the assumption had to be made that the coordination in the oxidized and reduced Ni-species was the same. It proved difficult to find model complexes that fulfilled this requirement. Hence, Eidsness et al. [56] concluded in 1988 that XAS measurements are 'currently a rather poor measure of nickel oxidation state'.
More recent data on the K-edge positions of nickel in T. roseopersicina hydrogenase in five different oxidation states (Fig. 27 ) [18] showed no apparent shifts whatsoever. Also the EXAFS spectra were very similar in all cases and illumination of the Ni-C state had no effect [225] . The observed shifts (0.2 eV or less) were within the accuracy of the method. In this study EPR spectra of the complete X-ray absorption cell before and after the X-ray measurements, while kept at temperatures at or below 80 K at all times, were carried out to ensure that the X-ray beam did not permanently change the enzyme in the sample in any way. These results led Maroney and coworkers to state that a redox role for Ni in hydrogenase is not supported by XAS data [18] . Likewise these investigators considered the possibility that the Ni-C state does not involve a Ni-H or Ni-H 2 complex [225] .
The X-ray absorption data thus indicate that apart from a possible slight movement of the distal S atom, there are no changes in coordination or bond lengths around the nickel, nor any detectable changes in its apparent charge density. On the other end, the EPR, MCD and magnetic susceptibility measurements show that the nickel centre changes valence state and spin state. The unpaired spin observed in oxidized enzyme and the Ni-C state is very close to nickel, as evidenced by the 6tNi hyperfine coupling, and has a considerable spin-orbit coupling as expected for a 3d electron, leading to g values up to 2.3 [165, 223] . In fact, the g values 9=2.01
Oo2.1g
Form C 2doo 3~ 3~ 3~ 3too
Magnetic Field (Gauss) are well within the range observed for either Ni(III) of Ni(I) model compounds [89, 146] . It is my opinion, therefore, that the EPR signals ascribed to nickel are indeed due to unpaired spins in orbitals with mainly a 3d character of nickel. The extreme sensitivity of the orbital-magnetic moment of the unpaired spin to subtle changes in the electronic and magnetic environment of the nickel ion enables this 3d electron to report on these changes via EPR. Apparently these changes are too subtle to be of influence on the XAS and EXAFS spectra of nickel. Hence the 3d electron is probably a far better reporter on changes in the nickel centre than is the ls electron.
The energy required to remove a ls electron from the nickel ion in any of the redox states of the T. roseopersicina enzyme appears the same within the detection limits [18, 225] . This points to appreciable charge delocalization (or charge 'buffering') within the nickel site such that the effective charge density on the nickel nucleus is not changed [18, 56, 224, 225] . This in turn suggests quite some covalent character of the bonding between nickel and (some of) its ligands. The thiolates come to mind here. Indeed the superhyperfine splittings observed in the gxy lines of EPR spectra from 33S-enriched W. succinogenes enzyme [12] and the 77Se-enriched enzymes from D. baculatus [96] and M. voltae [184] reflect mixing of the metal d-orbitals with s-character orbitals of the S/Se ligands. Whitehead et al. [225] estimated a spin density of 0.26 on S of two cysteine residues, based on the hyperfine interaction of the non-exchangeable protons in the Ni-C state. This hyperfine interaction was attributed to the/3-CH 2 protons of the cysteine residues.
As discussed above, there is quite strong evidence for hydrogen binding to nickel in the Ni-C state. The strong binding of CO to Nia(II) also hints to the possible binding of H 2 to Na(II). Hydrogen, either as H +, H-of H 2 could also play an important role in keeping the effective charge density at the nickel ion rather constant. The Ni ( Although a formal valence transition Ni(III)/Ni(II) seems no longer a point of dispute for most workers in the field, a further reduction of the nickel centre to a formal monovalent state is not generally accepted. Yetl a 1-electron reduction (dyes present) of active hydrogenase in the EPR silent Nia(II) state leads to the Ni-C signal. Also oxidation of the S = 1/2 Nia-CO state leads to the EPR-silent Nia(II).CO state (Figs. 22 and  24 ) and this strongly suggests that the former state can indeed be denoted as Nia(I).CO. Illumation of this Nia(I).CO state leads to an EPR spectrum identical to that obtained after illumination of the Ni-C state (Fig.  18 ). Hence after illumination of both, the Ni-C state and the Nia(I).CO state, one and the same Nia(I) state is obtained. It is therefore that the nickel centre in the Ni-C state is considered by this author to be formally monovalent and is denoted as Nia(I).H 2.
From MCD measurements (Cheesman, M.R., Van der Zwaan, J.W., Albracht, S.P.J. and Thomson, A., unpublished observations; [40] ) no signs for magnetism of nickel could be detected in the fully reduced hydrogenase {Ni(0) state} of C. vinosum. Also FTIR spectra showed no light-sensitive bands in this state, in contrast to the Ni-C state (Bagley, K.A., Albracht, S.P.J. and Woodruff, W.H., unpublished experiments). Together with the EPR data, this indicates that upon further reduction of Ni-C there is a conversion of nickel from an S = 1/2 state {Nia(I).H 2} to an S = 0 state {Ni(0)}. As discussed above, the effective charge density on the nickel ion is probably strongly buffered by covalent interactions with its ligands and remains most likely equal to that of a formally divalent nickel ion.
6. Groups tentatively involved in the structure and maintenance of the active site
The [3Fe-4S] cluster
Already in 1978 [211] itwas demonstrated with the oxidized enzyme from C. vinosum that the EPR signal, which can now unequivocally be ascribed to a [3Fe-4S] ÷ cluster, could be eliminated by reduction with ascorbate in the presence of phenazinemethosulphate (PMS). In view of the midpoint potential of ascorbate (+51 mV at pH 7.2) [19] it was concluded that the species responsible for this signal was unlikely to be a component of the H2-activating site.
It is now known that certain nickel hydrogenases, e.g. the enzymes from M. thermoautotrophicum [7, 45, 106, 107] , and D. baculatus [96, 199, 221] do not show any signs of a 3Fe cluster. In view of the sequence conservatism of the Cys pattern in the small subunits, these findings are highly surprising. Even in the most intact form of the M. thermoautotrophicum enzyme, when it is still attached to the heterodisulphide reduc-tase, no 3Fe cluster could be found after addition of excess DCIP (Hedderich, R. and Albracht, S.P.J., unpublished experiments).
An intriguing possibility, therefore, is that motifs 1L and 2L from the large subunit, together with motifs 1S, 2S and 3S from the small subunit, might form a special environment (including six conservative Cys residues) to accommodate 4 Fe atoms and 4 acid-labile sulphur atoms in a very special 'evolutionary flexible' arrangement. Depending on the presence of non-conservative Cys residues in the several hydrogenases, this very special Fe-S arrangement, might sometimes be a {Fe °x = [3Fe-4S} +} centre (Fig. 11) with a rather loose electronic interaction between the putative Fe and the 3Fe cluster. In other hydrogenases a [4Fe-4S] 2 + (2 +:1 +) state might be preferred. One could even speculate on the presence of two [2Fe-2S] 2+(2+:1+) clusters, which likewise would be diamagnetic in the oxidized enzyme. At present the cluster clearly is a 'mysterious' cluster ('M-cluster').
Even so, this is in line with the idea that the 3Fe cluster itself is not involved in H2-activation. It is also unlikely that this cluster on its own plays a role in the transfer of electrons from H2 to the cubane clusters in hydrogenase or to redox proteins with a low midpoint potential: nickel hydrogenases function in a redox regime where the 3Fe cluster, when detectable, remains reduced continously. It is only at oxidation-reduction potentials where the enzyme becomes inactive that the 3Fe cluster and also nickel become oxidized. In nature such a situation is usually created by oxygen.
In their natural habitat purple sulphur bacteria like C. vinosum and T. roseopersicina, are daily exposed to changing growth conditions: from photolithotrophic under anaerobic conditions during day time to chemolithotrophic under semi-aerobic conditions at night. It has been shown that these organisms can oxidize sulphur or sulphide either anaerobically in the light or at the expense of 0 2 in the dark. They can quickly switch their energy metabolism from one mode to the other [53, 110] . Purple sulphur bacteria can also grow on H 2 and CO 2 in the light. The hydrogenases in these bacteria must be able to respond to these daily changes without getting irreversibly inactivated. This also implies that in these bacteria the nickel in hydrogenase possibly indeed exists as Ni(III) during semiaerobic growth in the dark. The presence of a [3Fe-4S] ° cluster in the vicinity of the nickel centre might help to prevent the formation of the 02 radicals, which can be highly devastating when protonated. Ni(II) + 0 2 ~ Ni(III) + 0 2 A reduced 3Fe cluster might safeguard the Ni site by immediately neutralizing any 0 2 radicals when they arise, by supplying an extra electron:
The resulting H202 can be eliminated by catalase. This presumed function of the 3Fe cluster is line with its redox potential: this is higher than that of the Ni(III)/Ni(II) couple. Hence nickel will be oxidized before the 3Fe cluster. Also D. gigas can survive and grow under semi-aerobic conditions. This bacterium can synthesize a real oxidase [43] and contains the enzymes superoxide dismutase and catalase. Bastian et al. [21] noted that both hydrogenases from M. thermoautotrophicum strain AH rapidly and irreversibly inactivated, when H2-reduced enzyme was exposed to oxygen. We have similar experiences with aerobically-purified F420-non-reducing hydrogenase from M. thermoaurotrophicum strain Marburg, which also has no detectable signs of a 3Fe cluster (Fontijn, R.D. and Albracht, S.P.J., unpublished observations). Not only the activity became highly impaired, but also on an SDS-gel many new polypeptide bands appeared. Inactivation was also noted with the fully oxidized C. vinosum enzyme with nickel in the Nia(II).CO state (Chen, M., Van der Zwaan, J.W. and Albracht, S.P.J., unpublished observations; [42] ). When oxygen was admitted to such a preparation, then several new EPR signals from nickel appeared and the activity of the preparation dropped considerably and irreversibly. No such effects were observed with the enzyme after oxidation by O 2 of H2-reduced enzyme. The effects might be due to formation of O 2 at the nickel site. The superoxide then probably induces oxidations at multiple sites in the coordination of nickel.
Besides being a reductive safeguard for the nickel site, the 3Fe cluster and the Cys residues from the motifs 1S, 2S and 3S might at the same time be of structural importance to sustain a proper and stable coordination of the putative iron atom (in combination with ligands from motifs 1L and 2L).
It must be recalled here that Sayavedra-Soto and Aria [168] reported Cys ~ Set mutations of the individual Cys residues in motif 1S of A. vinelandii hydrogenase. This did not lead to a complete loss of activity. A double mutation of the second Cys residue and the preceding (non-conservative) Cys residue did result in the complete absence of activity in cell colonies. As mentioned earlier, a thorough investigation of the properties of the mutant enzymes seems in place.
Copper
For a number of nickel hydrogenases it has been reported that copper is present in amounts in excess of 10% of the nickel. The F420-non-reducing enzyme from M. formicium [4] contained 3.2 Cu per Ni. A Cu(II) EPR spectrum could be obtained only after reduction and re-oxidation of the enzyme. As re-oxidation of active reduced enzyme also lead to extensive irre-versible inactivation, the presence of this Cu(II) signal was supposed to be correlate to this process. Adams et al. [4] also reported the presence of more than 2 Cu atoms per nickel in hydrogenases from M. thermoautotrophicum strain AH. In our laboratory we have likewise found up to 2 Cu/Ni in F420-non-reducing hydrogenase from M. thermoautotrophicum strain Marburg [46] and variable amounts (0.2-1 Cu/Ni) in enzyme from C. vinosum (Coremans, J.C.C., Van der Zwaan, J.W. and Albracht, S.P.J., unpublished observations). The copper did not show up in EPR spectra of oxidized enzyme as isolated, but could only be observed after re-oxidation of reduced, activated enzyme under certain conditions. Copper has also been reported in nickel hydrogenase from D. gigas (0.2 Cu/Ni) [73] .
In order to verify whether copper was required for activity, both M. thermoautotrophicum strain Marburg and C. vinosum were grown on Cu-deficient media (B6cher, R., Van Veenhuizen, M., Albracht, S.P.J. and Thauer, R.K., unpublished observations). Growth was not noticeably affected and the specific H z-uptake activities of cell extracts was the same as usual. The enzyme from the Cu-deficient C. vinosum cells was purified and its Cu content was found to be less than 0.05 Cu/Ni. The specific activity was within the range of that of normal preparations. Incidentally, no EPR signals due to Ni(III) could be observed in the aerobic enzyme and in the g = 2 region an EPR spectrum was present very similar to that of Fig. 9 , I-A. Apparently oxygen could not oxidize Ni(II) in this preparation. These experiments show that Cu is neither required for the biosynthesis of hydrogenase nor for the tested activities (H2-uptake activity with benzyl viologen or H2-production activity with reduced methyl viologen).
The Cu content of normal C. cinosum hydrogenase preparations also drastically decreases upon extensive purification on a Mono-Q column (Pharmacia) without a drop in specific activity. It was noticed repeatedly with such preparations, however, that reoxidation by air of H2-reduced enzyme often resulted in a 50% irreversible loss of activity (Bouwens, E.C. and Albracht, S.P.J., unpublished observations). Such a loss of activity was not noticed with routine preparations of the enzyme (without the Mono-Q purification step).
It is curious that when Cu was present in amounts of 1-2 times that of nickel, it was not detectable in EPR spectra of oxidized aerobic enzyme. Extraneous copper bound to proteins is usually detectable as a type-II Cu(II) EPR signal. The behaviour of copper in nickel hydrogenases is reminiscent of type-Ill copper in copper proteins, a diamagnetic exchange-coupled Cu(II)-Cu(II) pair which also can show up as a Cu(II) EPR signal after oxidation of reduced enzyme [159] . In this respect it might be speculated that the His-rich region present in a number of hydrogenases around motif 3 in the large subunit might play a role in binding of copper. When present, copper might well have a specific helper function, in addition to the 3Fe cluster, in protecting the nickel hydrogenases against oxidative damage by properly modulating the reaction of the reduced enzyme with 0 2 . Copper is found in many redox enzymes reacting with 02 [159] .
At present I tentatively assume that, although not involved in the Hz-activating reaction or electron transfer, both the [3Fe-4S] cluster and Cu might have a role in the defensive mechanism of the enzyme against oxidative damage by 0 2 in nature, in organisms that frequently are exposed to alternating reducing anaerobic conditions and semi-aerobic conditions. In addition, the [3Fe-4S] cluster might be of essential structural assistance for the coordination of the putative Fe ion.
Activation
The first step: removal of oxygen
Most nickel hydrogenases isolated in air are not active. To explain the lag phase very often observed during activity assays of hydrogenase Fisher et al. [75] have proposed already in 1954 a reversible binding of O 2 to the enzyme. Berlier et al. [24] came to a similar conclusion when studying the exchange reaction of the D. gigas enzyme. The idea was further worked out by Teixeira et al., [196] who proposed that Niu(III) was an oxygenated form of Nir(III). Oxygen was assumed to bind quite close to Niu(III), may be even as a ligand. Maroney and coworkers [120] have considered the possibility of a nickel-sulfinato complex to explain the deactivation of hydrogenases by oxygen.
As mentioned earlier, studies with 0 2 enriched in 170 (I = 5/2) [210] made it unlikely that 0 2 is a direct ligand to Ni(III). Since the coordination of nickel is not perturbed (no change in EPR signals), also a nickelsulfinato species is less likely. Also the EPR signals of the [3Fe-4S] ÷ cluster and the {X °x= [3Fe-4S] ÷} centre were not influenced by the binding. As the broadening of the Ni(III) EPR signal [210] is thus far only observed by oxidation of reduced enzyme by ~70 2, one cannot tell whether dioxygen or one of its reduction products is bound in the vicinity of Ni(III).
Fernandez et al. [69, 72] have studied the reduction and activation of the D. gigas enzyme by H 2 in some detail. It was observed that reduction of Niu(III) by H 2 in the D. gigas enzyme occurred within 5 rain, concommitant with the appearance of the broad signal ascribed to the reduced [4Fe-4S] clusters. It is quite likely that under these conditions bound 0 2 or any of its partially-reduced reaction adducts will be fully re-duced. Hence that barrier is eliminated in this way. Activity was, however, not induced yet at this state.
The second step: transition of unready to ready enzyme
The two forms of trivalent nickel, Nir(III) and Niu(III), have been described in many hydrogenases. They can be interconverted by redox cycling. It has been shown that full reduction and reoxidation of the D. gigas enzyme resulted in considerable changed ratios of Nir(III)/Niu(III) [31, 196] . The Nir(III) form was mainly obtained by anaerobic reoxidation of H2/N 2 treated enzyme with DCIP [31, 70, 72] , although a conversion of Nir(III) to Niu(III) was observed upon prolonged incubation [34] . Reoxidation with 0 2 resulted in enzyme mainly with Niu(III).
A similar redox-induced transition has been described, although not recognized at the time, with the C. vinosum enzyme [11] . A more recent study with the C. vinosum enzyme [210] indicated that reoxidation of H2/Ar treated enzyme with high partial pressures of 0 2 resulted mainly in the appearance of Nir(III), whereas low oxygen tensions induced preferentially Niu(III). If H2/Ar-treated C. vinosum enzyme was first oxidized with benzyl viologen, whereby the broad signal ascribed to the two [4Fe-4S] + clusters was eliminated and the Ni and [3Fe-4S] cluster were EPR silent, then Niu(III) or Nir(III) could be obtained by oxidation with 0 2 or methylene blue, respectively [42] . This indicates that the initial overall redox status of the enzyme as well as the type of oxidant are of importance for the nickel coordination (ready versus unready) obtained. The transition of unready nickel to ready nickel can only be induced under reducing conditions. Berlier et al. [25] have reported that CO could induce the transition 'unready' to 'ready' in the D. gigas enzyme without any reduction, although no EPR spectra were shown. With the C. vinosum enzyme such an activation could not be observed [210] and in the T. roseopersicina enzyme the reverse conversion has been noticed [232] .
The third step: reductive activation
The presence of Nir(II) alone is presumably not sufficient to obtain full activity. Apparently there is another redox-linked change which definitely decides whether Nir(II) can be converted into Ni~(II) and so whether it can be further reduced, binds ligands and whether hydrogen can be turned over with high velocity.
Lissolo et al. [130] have proposed that the activation of the D. gigas enzyme in the presence of varying concentration of H 2 involved an n = 1 redox process (E~=-310 mV at pH 7; -60 mV per pH unit).
Fernandez et al. [70] found that although reduction of the unready D. gigas enzyme was a matter of minutes, activation by H E was a much slower process and was enhanced by elevated temperatures (activation energy of 88 kJ/mol). At these temperatures, the presence of redox mediators further accelerates the process. Activation was independent of the enzyme concentration, so there is no involvement of intermolecular electron exchange. The changes that occur during reductive activation have an important influence on the redox properties of nickel. The redox behaviour at 4°C of Niu(III) in the M. thermoautotrophicum enzyme and both Nir(III) and Niu(III) in the C. vinosum enzyme, shows that no reduction beyond Ni(II) can occur at any potential before reductive activation has taken place. Once activated, ligand binding to Nia(II) is possible and the way for further reduction of Nia(II) is likewise open. The nature of the proposed n = 1 redox group, involved in the process of reductive activation, is unknown.
Reaction with hydrogen without apparent redox changes
Hydrogenases carry out a heterolytic cleavage of H 2 for reasons summarized by Krasna [117] . The reaction of H 2 with the enzyme was studied by monitoring the conversion of para-H 2 (anti-parallel nuclear spins) to ortho-H 2 (parallel nuclear spins). At room temperature and in the presence of a catalyst, hydrogen is an equilibrium mixture of 25% para-H 2 and 75% ortho-H 2 [61] . At low temperatures (20 K) this equilibrium shifts completely to the para form. The conversion of para-H 2 to ortho-H 2 catalyzed by hydrogenase can be written as: The assumption was made here that enzyme-bound H-does not exchange with water. Krasna and coworkers [68, 115, 117] reported that the ratio of the rates of HD to DD formation during the Hz/D20 exchange reaction ranged from 5 for the [198] with permission.)
enzyme from Proteus vulgaris to 0.9 for hydrogenase from D. desulfuricans. Krasna pointed out that even for the P. vuIgaris enzyme the rate of DD formation was greater than would be expected on the assumptions of HD being an obligatory intermediate and an enzyme-bound hydride that did not exchange with water. This indicates either that enzyme-bound H-might exchange with H20 as well, or that the observation could be due to a molecular cage effect, by which formed HD reacts again to form DD, before diffusion of HD from the enzyme into the bulk water [117] . A low HD/H 2 ratio, comparable to the value found by Krasna [117] for the D. desulfuricans enzyme, was also reported by Lespinat et al. [128] in D2/H20 exchange experiments at pH 7 with the selenium-containing enzyme from D. balculatus. These investigators found a strong pH dependence for the HD/H 2 ratio in the exchange reaction. Teixeira et al. [198] have recalculated these data and published a plot of the pH dependence (Fig. 28) . It is generally assumed that a base nearby the catalytic site might help to bind the proton during the heterolytic cleavage of H 2. The reaction can then be rewritten as:
M+D2+B-~ ~ MD-+ DB
In order to explain the effects of Se and pH, it was assumed [128, 198] that the hydride and proton acceptor sites can independently exchange with the solvent. In that case, the relative amounts of HD and H 2 produced would depend on the relative rates of exchange of the two sites. At low pH, the base will be always protonated, hence the major product will be HD. At high pH this mechanism is largely suppressed and then the metal-bound D-might exchange with the solvent before recombination with a proton from the nearby base, resulting in H 2 formation (any protons bound to the base will exchange extremely fast with the solvent). This would also account for the difference in pH dependence of the Se-containing hydrogenase and a normal enzyme like that of D. gigas (Fig. 28) . The pK a of free H2Se (3.77) is more than 3 units lower than that of H2S (7.06).
Crystals: the relative position of the metal centres
It has appeared to be extremely difficult to obtain high-quality crystals of hydrogenases. Recently triclinic crystals of D. gigas hydrogenase have been obtained by Volbeda et al. [214] . The crystals diffracted down to 2.5 ,~ resolution. A first multiple isomorphous replacement map (5 ,~ resolution) was obtained. There were four features having a particularly high electron density. They presumably represent the four redox centres in the D. gigas enzyme. Based on the strength and the shape of the electron densities, Volbeda et al. [214] preliminarily assigned these high densities as a 4Fe cluster, a 3Fe cluster, a 4Fe cluster and Ni. The groups form an almost evenly spaced array (average distance about 12 ,~). The angle 4Fe-3Fe-4Fe is 160°; the nickel ion makes an angle of about 120 ° with this array.
Higuchi and coworkers [214b] have recently located the prosthetic groups of the membrane-bound nickel hydrogenase from D. vulgaris, Miyazaki F in electron density maps at 4 .~ resolution of crystals of the enzyme. The nickel atom is located near one of the three Fe-S clusters (at 13.8 ,~,). The second cluster is located at a distance of 13.1 .~ from the first cluster (22.4 .~ from nickel), whereas the third cluster is yet another 12.2 ,~ further away (total distance to nickel 32.5 .~).
The findings of these research groups form a breakthrough in the field of nickel hydrogenases. Higher resolution data on these enzymes will no doubt give answers to many questions.
Concluding remarks
Three types of unidentified electron acceptors have been described for nickel hydrogenases: (i) An n = 1 component involved in the spin-coupling in a number of oxidized enzymes. There is some evidence that this might be a special Fe ion; (ii) An n = 1 component involved in the reductive activation process; (iii) A redox component that accepts one of the two electrons of a H 2 molecule when it reacts with active enzyme in the absence of dyes. There is some evidence that this might be a special Fe ion. It is tempting to speculate that all three described redox transitions somehow involve the same centre, possibly the special Fe ion. So this review leads to a tentative working hypothesis that an as yet uncharacterized redox component, possibly a special Fe ion, is an essential part of nickel hydroge-nases. The possibility is considered that the Ni site and the putative Fe site together form the active site in the mature enzyme (Fig. 11 ). This would allow for an n = 2 site for reaction with H z in active enzyme. It is speculated that the N-terminal conservative motifs 1L and 2L from the large subunit might possibly provide the major part of the ligands for this putative Fe atom. The [3Fe-4S] cluster in the small subunit might be of essential structural assistance as well. Together, they might form a unique arrangement of 4 Fe atoms and at least 6 Cys residues: the 'M-cluster'. In fully oxidized enzyme the putative Fe atom might be low spin Fe(III) The ligands and other electronic contacts of the putative iron might participate in charge redistribution during these redox changes. In the presence of redox mediators, hydrogen might be oxidized via a different reaction, not nescessarily involving both nickel and the putative Fe ion. It can be speculated that in the Ni-C state, this putative Fe atom might be possibly also involved in the two-fold splitting of the Nia(I).H 2 EPR signal at 4.2 K. If there is truth in this hypothesis, then the name 'Ni-Fe hydrogenases' or [NiFe] hydrogenases, used in publications of other authors to emphasize the role of Fe-S clusters, would gain a new meaning. The availability of crystals and the powerful site-directed mutagenesis tool for hydrogenases, in combination with physicochemical tools to properly characterize mutant enzymes, will certainly greatly contribute to a more detailed understanding of the active site of nickel hydrogenases in the near future. It is hoped that considerations given in this review may be of help in the design of further experiments.
Another interesting experimental tool to probe the possible catalytic properties of nickel in the carboxyterminal amino-acid sequence of the large subunit would be the direct chemical synthesis of peptides. This approach would circumvent difficulties encountered during cloning and expression of relevant pieces of DNA. It would also allow to quickly replace single or multiple amino acids. A Tyr2His analogue (55 amino acids) of the 214Fe-4S] ferredoxin of C. pasteurianum has been synthesized in 1991 [182] . Also, a 25 aminoacid residue long analogue of the active site of rubredoxin from D. gigas has been succesfully synthesized [44] . Via such an approach it is possible to obtain in about a week sufficient material for most physicochemical studies.
